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TESTS ON 6%INCH METAL SPARS

OBJECT AND SCOPE

1. The study discussed in this report was made to
obtain data on the relative merits of different types of
metal wing spar construction, and to develop methods
to be used in the design of those types which the tests
indicated to be the most satisfactory for use in prac-
tical design. It is believed that the best type of con-
struction to be used for any given airplane depends
upon many factors, of which the size of the airplane
and the intensity of loading are among the most im-
portant. Although it is intended to cover ultimately
the entire range of airplane sizes, the work covered by
this report pertains only to spars of a size suitable for use
in single bay externally braced observation airplanes.

2. This is the second report on the spar tests cov-
ered, the earlier report being published as Air Corps
Information Circular, Vol. VI, No. 590 ¢ (Serial Report
2665), ‘“Progress Reports on Experimental Metal
Spars,” by A. 8. Niles and E. C. Friel. That report
gave the more obvious results of the tests, but was
written before the test results could be subjected to
more intensive study. The present report includes
not only the more important results given in Air Corps
Information Circular, Vol. VI, No. 5§90, but also gives
the results of tests to determine the quality of the ma-
terial in the spars tested, computations of unit stresses
developed, geometrical properties of the cross sections
and similar quantities, studies of the stiffness charac-
teristics of the spars, an investigation of the charac-
teristic types of failure, the development of methods to
be used in the design of the two types which gave the
most favorable test results and revised recommenda-
tions regarding future work in the study of the problem
of metal construction.

CONCLUSIONS

3. The principal conclusions reached as a result of
the study recorded in this report are the following: -

(a) The methods of test and study used in this
project are well adapted to determining the relative
merits of different types of metal spar construction,
though additional data should be called for with the
spars and certain minor changes in the test procedure are
required to obtain the maximum of information. This
additional data and changes in procedure are discussed
in paragraphs 156 to 173.

.

1 This report has a number of references to Air Corps Information
Circular, Vol. VI, No. 590 (Serial Report 2685), *Progress Reports on
Experimental Metal Spars” by A. 8. Niles and E. C. Friel, and Alr
Corps Information Circular, Vol. VI, No. 598 (Serial Repart 2777.)
‘“ Compressive Strength of Duralumin Channels” by Roy A. Miller,

both of which have been published.

() The most promising types of metal spar yet
tested are the duralumin box and the duralumin chan-
nel truss, and empirical rules given in paragraphs 110
to 143 have been developed for the design of these
types. Though the best of the metal types tested,
neither of these types has shown up as well as the
conventional wood box, nor appreciably better than the
conventional wood I beam. Two or three other types
of metal construction have shown great promise but
have not yet been developed to the degree of excellence
attained by the types mentioned, a.ngr no rules for the
design of these other types have yet been formulated.

(¢) The unit stress in the extreme fiber at failure is
not a measure of the merlt of a type of spar construction.

(d) The unit stress at failure varies greatly with the
type of construction although the material used may
be the same. The study of the effect of the type of
construction on the unit stress at failure, called the
study of “form factors,” is essential for the develop-
ment of satisfactory rules for metal spar design. To
date little work of this character has been done, and
much must be accomplished in this line before the de-
sign of metal spars is put on as satisfactory a basis as
that on which the deeugn of wood spars rests at the
px'esent time. ... - :

:(6) Owing to the importance of the stxﬁness of spars
in computing the secondary bending moments to which
they will be subjected it is necessary to obtain for
each type a stiffness factor which is the ratio of the
value of EI computed from its deflection to the value
of EI computed from the dimensions of its cross sec-
tion and the modulus of elasticity of the material used.
Average values for the stiffness factors for duralumin
box and channel truss types of spar have been computed

. and are recommended for use in design in paragraphs

116 and 139. Further study of this quantity thh'

reference to other types of construction and its varia-

tion “with the type of loading used is needed. .
“(f) The atudy of the tendency of spars to fail by
lateral buckling of the compression chord has shown
that failure is likely to occur whenever the compression
chord is loaded to the unit stress corresponding to the

failing load of a pin-ended column of length equal to

the distance between points of lateral support of that
chord and with a radius of gyration equal to that of
the compression chord about the major axis of the
spar. It has also been shown that the probability of
lateral. buckling decreases with increased torsional
strength of the spar. This study did not cover the
effect of the wing ribs in providing lateral support to
the compression chord, no tests being made which
would throw light on that phase of the problem.

W e



LOADING USED

4. When this series of tests was projected, it was
considered that the class of spars on which information
was most needed was the spar of medium depth suitable
for use in single bay airplanes of about 4,500 pounds
gross weight. The loading used was developed from a
study of the available stress analyses of airplanes of
this general character, an attempt being made to ob-

2

to test the specimen under a combination of axial and
‘side load, the ratio of these two loads being fixed, but
the secondary bending moments depending, as they do
in practice, on the stiffness of the specimen. The axial
load was applied to the specimen from the movable
head of the testing machine, through a 34-inch pin.
At the lower end of the spar the axial load was taken
out through a similar pin joint, but the lower pin, in-

(P . H - ,q
Movalle Heod 1 : ST
Yaper Pin Steel Arms N* | ~Wood Brace %
235"
Side Pot/ |_—Wood Upright H™
Link G* ~ . m -
Ver/ical Wood
7est 5’?0 4 T Lever 7
Lever Sugoor?
1T PniL"
()—-/ | N —tever Sygoor
.0 -t Arm M
5 "[ --§==r-=—-—:TL_;-J;\ Do "
Y //e
96" I A y £
~1-
N _t1=
] II
i
i
|l
I
Side Pult i
Link G" - (e Sile Pull Cable T
P= I
Stee/ Horizonts/ ~ - Il:
Lever A” o, :hJ | Wood Brace % *
225" .:.
i
1
Lower Pin '1 & ]
Anife Fdge B" T -
~a 4a -
Plotferm D"
SARNNNRN RN RN \\3
R Weighing 7k

Fia. 1.—Diagram of test set-up

tain a combination of shear, axial load, and primary
and secondary bending moment comparable with the
maxima encountered in airplanes of this class. The
details of this loading are given below in the description
of the tests.

DESCRIPTION OF TESTS

5. The method of test is shown diagrammatically in
Figure 1, while Figures 2 and 3 show the views of the
test rig with a spar in place. The fest rig was devised

stead of being directly supported by the weighing
table of the testing machine, rested on the horizontal
steel lever A. This lever was supported, in turn, by
the knife edge B and the side puil cable C. The dimen-
sions of the steel lever A were such that the load in
the cable C was always one-fifth of the axial load in
the specimen. The knife edge B transmitted its load
directly to the platform D resting on the weighing
table of the testing machine. The cable G passed over
the pulley E to the vertical wood lever F which divided
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the load in the cable into two equal transverse loads
applied {o the test specimen through the side pull links
G, G. The vertical component of the load on the
pulley E was carried to the platform D and thence to
the weighing table by the wood upright H. The hori-
zontal component is carried by the wood upright H
acting as a beam supported by the wood braces K, K,
which press against the pins at the ends of the test
specimens, the upper brace and the steel arms N form-
ing a single rigid member. As the compressions in the

 wood braces and the tensions in the side pull links are

numerically equal, the system of horizontal forces is
in equilibrium. The wood lever F is prevented from
dropping by being supported by the lever support pin
L resting on the lever support arms M on each side,
that are rigidly connected to the wood upright H.

6. The whole arrangement is shown in Figures 2
and 3. These pictures were taken before the jig had

. attained its final form, so that the platform D is absent

- and the wood upright H rests on the floor.

This

* earlier method of testing proved unsatisfactory, as the

load from the movable head was not all carried by the
weighing table, part being carried down the wood
upright to the floor. - 'Not only did this result in the
necessity of the load readings on the beam being
multiplied by the factor 1.25 to obtain the true axial
load in the test specimen, but that part of the axial

. load that was carried to the weighing table through the
. knife-edge B was applied eccentrically, overloading the
. knife-edges on one side of the weighing table.

. -7. The spars were supported laterally by wood

* blocks faced by metal plates clamped to the uprights

: of the testing machine.

Similar metal faced wood
blocks were attached to the spars at the point of lateral

- support. The metal protected faces of these blocks

. were not allowed to come into contact as the friction.
_ between them would have decreased the transverse

" or bending load carried by the spar itself, but they were
- separated by long rivets acting as rollers. These
; blocks and rollers were located so there was a clearance
. of about one-sixteenth inch, and the spar had to deflect
. half that amount before resting against one of the blocks.

8. The specifications under which the spars were

; purchased stated that they would be tested with only

- center of the 96-inch span.

one set of lateral supports, these to be located at the
Several of the metal spars

. when tested in this manner, failed by lateral buckling

of the compression chord, the chord assuming an

* S-shape as shown by spar 12-A in Figure 13. As it
: was contended by the designers of these spars and
. others that in actual practice the ribs, leading edge
" covering, ete., would tend to prevent this action, and
. that, therefore, the test conditions were unfair to the

types of construction concerned, several of the spars

.were tested with a larger number of additional supports.

- At first, the custom was to test the first spar of a type
* . with a single location of lateral support, the center of

- “the span. If the first article failed by lateral buckling,
‘the second article was tested with lateral supports at
the third points but none at the center.

Even with

4

the reduced distance between lateral supports many of
the spars still failed by lateral buckling, as shown.by
spar 14-B in Figure 13. The third spar of type 14
was tested with four points of lateral support spaced_
one-fifth of the 96-inch span apart.

9. Later in the investigation, the practice changed
somewhat. If the preliminary tests showed such a
low stiffness about the major axis of the spar section
that the spar was almost certain to fail by lateral
buckling of the compression chord, even the first spar
of a type would be tested with two lateral support
points. In a few doubtful cases the spar was tested
first with a single lateral support until maximum load
was reached. The spar was then quickly relieved of
load and tested again with two points of support. In
some cases this procedure seemed to have been gone
through without injury to the spar in the first test,
but in others the load carried when tested with two
supports was so little larger than that obtained with a
single support that it seems that the spar must have
been injured in the first test. °° .

10. The question of lateral bucklmg of the com-
pression chord and the proper distance between lateral
support points in tests has caused much discussion but
will not be gone into here in any more detail as it is
discussed more fully in Air Corps Information Cu-cular,
Vol. VI, No. 590.

11. Deflections at the center of the test specimen were
measired to the nearest thousandth of an inch by a
deflectometer similar to a Wissler dial. In the early
stages of the test the deflections were read as previously
determined values of the axial load were attained. In
the later stages the weighing beam was kept in balance
and the axial load read as previously determined
deflections were reached. Normally the deflections
were read at thousand-pound increments of axial load.
in the first case, and axial load at 0. 05-mch mcrements )
of deflection in the second. '

12. All of the beams tested were dealgned for the
test and to carry 20,000 pounds axial load. At this
stage the transverse loads would be 2,000 pounds
each. The primary bending moment would be 45,000-
inch pounds, while the secondary bendmg would
depend upon the actual deflection. ;

TEST RESULTS

13. The logs of the tests of the metal spars under
combined bending and compression are given in -
Appendix I. The results of these tests are summarized
in Table 1 with the results of tests in simple bending to
determine the stiffness moduli (EI valuet) of the spars.
The data of Table 1 and the more important conclu-
sions that can be drawn from ‘it are published in Air
Corps Information Cireular Vol. VI, No. 590, and are
republished here as they will be constantly needed in
the discu: sions of Lhis report. In addition to the main

tests, the results of which are recorded in Table 1,
certain tests were made to determine the quality of the
material in the spars. Unfortunately, these tests were
not complete, and the lack of necessary information of




this character has made it impossible to obtain ss much
data regarding methods of design as had been hoped|. : E.
In the future, if the recommendations of this Es
report are carried out, a complete series of such tests
on ‘“‘minors” to determine the quality of the material
used will be requived before experimental spars are
The results of the minor U,
parts tests that were made are recorded in Table 2.

for.

delivered to the division.
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* ‘Modulus of eluticlty of materfal in comprmion churd.

Modulus of elasticity of material in tension chord, .
E« Modulus of elasticity of material in web.
Proportional limit of material in compression chord.
Proportional imit of material in tension chord. *
Proportional linlit of material in web.
Ultimate strength of material in compression chord, :
Us  Ultimate strength of material in tension chord.
Ue Ultimate strength of material in web.

The column headings of Table 2 have the followmg YP. Yleld point of matarial in compression chord. .
meanings: YP: Yield point of material In tension chord.
TaBLE 1.—Data from tests on complete spars -
- PR
WOOD SPARS ,_
. [Num-| o 3at o
. Ult- | Welght
w 1-..| ber. ulti- dat | El, EI,
Spar | Figure Type Fallure ot epe | 8t O o | 0,600 | T | T
PR ., |ports] = P .

1 2 3 4 5| e 7 8 9 10
Aooo... W..o...... Rectangle. ........ Horizontal shear 1/20,625| 168 | 1105 0.465 69,000 | 8440
;2—-_..- i? 3 do. - gom mreasion followed by tendon.,...ia.r..... % ﬁ % ;g.g } % .;gg gg: % J: 77298

JUTNN b § S, 113 SR, { ression flange at center. ... . X .
2B do T o8 0! compression 121,700 | 138 | 1100 | -380 | 85800 | .10)300
2C .33 PO I do . d 122,38 | 13.5 1.650 | '.382 | 78,330 8, 790
.7, GO [ AR T-DOX ceceacannnnn Crushing of compression flangs at end ofears.| 1| 15,400 | 10.0 .600 | .288 {64,100 | .12, 250
3 : .....do Crust ng! ?ompremlon flange 17}4 inches 1114070 | 10.3 .430  ..275 | 68,650 | 11,900
kom on n. e . P S
Crushing of i1(_:0!!11)1'&«1011 nnnsa 16 lnchu 1f18110] 10.7 . 600 .270 | 67,500 | 12,250
- from end ' : K N
Hgﬁmnta& %ﬁlﬁ l:ld wegt:etween end fit- ‘l 18,680 | 10.64 p .228 | 61,600 10: 180
and side lo q k Y I iy
Bnhedaruund l:ehndlnz near end fitting..........] " ’{- !’g,zg % ;7 .90 gg gg: 200 l&%
orizontal shear “rl7s0 | 133 ‘312 74,300 | 10680
4C. ... SH.......: do Cmshing of compression flange at side load 1(31,320| 133 | 1300 .465|75100{ 9,010
. poin '
4D -2faca--do . Crushln of compression flange at center.... 1]18,650 [ 12.6 1.200 .825 { 68, 700 7,830
Y SS MR A dol T Horizontal shear. 1120760 | 141 - 1827 | 84,700 | 10,100
- DURALUMIN 8PARS . .- L
10A......} 46,11 Box Teuslon In rivets of compression fiange 10 | 1 10,375 | 14.5 | o.685| 0.202|75200] 8180
10B 1n -..-.do Tenaioel: ln’;"i::tg of compression 10 inches | 120,185 | 146 950 .280 | 91,200 | 11,970
inside load point. :
10C....... 10 ~do Tehx:acilon l‘:sid“i?ﬁof eompl'edon ﬂ.lnzo 19 1115000 | 13.8 ' - 200 | 86,600 | 10,970
10D.....| 10 .ordo Tension in rivets o mpteadon flange 11| 1{17,010] 18.8 | .e%0| .287|8&%0] 11,710
inches inside load . . 1
10E [+ TN SO do Tenslon ‘t:d rlv«im c?nmptwion flange 20 11670 [ 12.7 d .332 | 90,600 | 9,310
. - {inches pol .
NA.} 10,11 ... Tube and plate__.. Lnteml buckling 1(15800] 13.4 | 1.400] .540 38,004 | 4,878
11B 4B, 11, » Bebndcfknlllz in plane of loads (ollowed by lateral 3 19. 250 | 12.4 1.750 837 | 54,600 5,340
ng. . |- :
12A ... 12,13...... Bulb I. ral buckli - 118,875 | 159 600 +287 | 89, 000 4,300
12B2777 4B, 120 Lateral buckling 21920 160 |...] 817 | 83480 | 4,500
13A 12 Bevel I do 11143751 145 .80 | .350 72,800 | 4,100
13B__....| 4D, 12 : do 2 425 ( 1580 »800 .370 | 76,000 ( 3,875
14A 4F.. Platl glrder do 1}15500] 138 + 850 .204 | 78,300 4,785
14B___.__| 4A,12,13 do. do .2|1880 | 136 . 780 <283 | 96,000 4,758
H4C......| 5K do do. 422,100 16.2 . 800 . 273 {108, 700 8,870
14D o do. 119,690 1881 .70 245 {133, 500 6, 860
15A 120 .. ... Channel truss..._.. Lnteml buckllng of one gnal length of mm- 110,200 13.6 1.000 +840 | 81,100 8,460
. ' pml;s!on ches {naide
16A—....| 8P, 13. do : C‘%"d’“  of comprosson fange 2 fnches | 11830 | 137 | 0| 32|70 | 1600
16B.....| 8 do Local guckling of compreasion flange near 1118050 | 1306 105 -257 | 83,700 | 18,480
7
16C.....| 8. do dger 1[18,750 | 18.42{ 110 .278 | 87,100 | 20,700
16D......| 8. do Compression failure in plane of truss in bay 114,80} 1207 | 1.18 .832 | 79,900 | 13,130
.. near center.
18E .. 8 do. Gradual bending laterally - cueeccccocoacnans 134,060 1L.97 | 1.30 .842 | 72,300 | 18,620
16F-2....[ 8 do Compmsslolx‘x laii‘ure in pﬂm of truss of bay 1116740 | 1258 .68 .361 | 78,000 | 18,350
near center.
16G...| 8 do, Tearmrgmg( end web member away from 1120150 13.48| 1.25 .281 | 84,600 | 20,200
chord.
16H..._.| 8 do Tearing of 3d web member away from chord.| 119,000 | 14.56 | 110 .207 | 87,400 | 19,530
7Aoo 68, 13..... T;usieb%uweb Later:;buek]lngineomprmlon flange near 216170 | 10.4 .. 950 ..446 60,650 | &, 525
178 6T, 13. u(ﬂ e ugn 2115300) 10.1 1. 000 .500 | 81,300 5,490
18A......| 3M, 11.._.| Hourglass.........| Latemlmguckllnm lnclgasmjh?sidwl fgllovivnog by 115320 121 . 950 .437 | 69, 800 4,742
. .. crus! @ load po
18B...._. 13. do. Crushing of ’é:m flange 11 inches | 119,050 13.6 | L000] .343(80,100] 9,135
from load poin!
19A-1___.{ &7, 13......| Tube framework..| C omsrassiogazfs web diagonals between end 114,250 8.5 L8001 .2421 31,05 | 8,320
19A-2...| 8,13 do Lateral buckling8}4 inchesinsideload pofnts.| 1| 14,5801 " 8.6 .750 | .350 | 33,360 | 8,260
J19B...... 7 : do. Compression o!‘we disgonsls between sids 1[18,40| 998 1.000]| .202]3L420| 13,660
load points and enda ' i
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TaBLE 1.—Data from tests on complete spars—Continued
" DURALUMIN SPARS—Continued

Num- dat . v
Ultl- | Weight
i ber ulti- | 8at | Elx | El,y
8par Figure Type Failure sup- xl%aafie ?e{e z mate | 10,000 | 50 | 1000
ports P .

1 2 3 5 8 7 8 9 10
20A...... ) Hexagon cell box..| Crushing of end fitting......._...___.______ 1119,740 | 14.68| 1.15 | 0.308 | 93,900 9,310
20B_..__. | S do. Lateral buckling. - 123,510 14.56 | 1.30 .375 | 91,400 8,750
21A 7 Box Buckling of web followed by tearing away 120,180 | 14.84 .85 . 202 | 93,400 9, 500

from compression chord and rivets.
21B...... 7. ..--do Web tore away from compression chord 93 120,980 | 14.25| 1.30 .307 | 87,400 | 9,550
inches inside load peint.
21C...... | 2P RS s [ SO Bucklingofwebfollowed bylateral buckling 1120,450 | 14.50| .85 .268 1100,100 | 10,130
of compression flange.
2D..... 9. do - Blfx:kling of compression flange 61{ inches 1§21,920! 14.62 .95 L213 | 97,500 | 10,550
'om center.
RA...... Y (SRR, Channel truss...._. Rivets connecting webs to chords near ends. . 1118,450 | 13.81 |........ .404 | 74,350 { 13,270
2B do... Shear of rivets holding stiffener to com- 119,800 | 13.57| 1.75 .366 | 82,900 | 13,080
gression chord channel near center followed |
y buckling of channel at same point.
p< . G I T ~~eeo{ Dumb-bell.__..... Lateral buckling of compression flange fol- 1117,580 | 12,94 1.00 . 380 | 68,100 7,000
lowed by compression failure 15 inches from
center, :
23B-1....| 9 do -..| Lateral buckling. . 1115600 11.73 .80 . 430 | 62,700 8, 705
2BB-2...| 9...... ..do J « (s T e 2115760 11.73 .90 .405 | 62,700 8, 705
STEEL SPARS
Crushing of compression flange 834 inches in- 220,800 13.7 1.050 | 0.320 | 89,000 5,780
side load points. . .
Crushing of compression flange at weld 534 2117,230{ 123 .315 | 93,100 5,820
inches inside load point.
Lateral buckling of compression flange 26 114,125 127 . 600 .260 | 72,400 5,280
inches inside load points. .
Lateral buckling._ . 2116,700 | 124 . 900 .328 | 74,100 5,380
Bending of end fittings 120,480 18.52 .75 .252 | 97,100 | 12,090
Buckling of compression flange in bay next 122120 18.52 80 .280 | 97,100 | 12,090
inside of load point.
32A-2....| 7 .-do - C?ushlng g! compression chord 334 inches 217,250 14.28| 1.00 . 365 | 89,000 6,090
rom center,
‘32B...... 7 .--do.. . ng:tstlinzilng of compression adjacent to end 2(19,660 | 14.40( 1.10 .364 | 87,000 6,300
g.
COMBINATION SPARS
40A......| 5L, 60.._..| Tube truss....._.. Local buckling of compression flange at center. 215270 1.1 1,250 | 0.472 | 45,500 5,010
B....._ 9 do. Excessive deflection in plane of sideloads.___| 1118300 18.21| 1.80 <445 | 54,300 | 18,700
TABLE 2.—Results of tests on minor parts
Spar E, E¢ Ee PL, PLw U, Us Uw YP. YP.
10A

10, 760

23,570




DESCRIPTION OF SPARS

14. The general features of the spars tested are shown
in the pictures, Figures 4 to 13. The reference in
Table 1 to the figures in which the separate spars are
shown do not always refer to illustrations of the specific
spar but may refer to a similar one of practically the
same design. When the number of the spar is shown in
the figure, the reference is to the figure number only,
as ‘7" is a reference to Figure 7. If the spars in the
photographs are designated by letters, the proper lefter
follows the figure number in the reference of Table 1.
Thus “4C" is a reference to spar C shown in Figure 4.
In a number of cases the spars incorporate special design
features not shown in the figures and which will be
described later in the discussion of the test results. A
brief deseription of the spars tested is given below:
1A and 1B. Two plain rectangles of spruce. For small
depths this section shows up very well on
account of the large form factor, and it was
desired to learn its relative efficiency when the
allowable depth is as great as was allowed in
this series of tests. The failures of these
spars are shown in Figure 10.

2A. A conventional wood box with unequal spruce
flanges and two-ply spruce webs. As with the
other spars of type 2, the end pin was placed
at the neutral axis of the section. This spar
is shown in Figure 11,

2B and 2C. Spar 2A showed 80 much excess strength
that two more conventional boxes were de-
signed and tested. More care was taken in
design in order to prevent excess strength,
but there was no changein type; only a change
in detail dimensions. Spar 2C is shown at N
in Figure 5.

3A. This was the first of a series of spruce T-box spars
tested to determine the effect of cambering a
spruce box. It differs from the conventional
box in that strips of spruce nicknamed ‘‘ears”
are glued to the plywood webs on each side of
the compression flange. These ears were
tapered from the points of application of the
side loads to a point about three inches from
the end fittings, where they were cut off. As
the pins through which the axial load was ap-
plied were located on the neutral axis of the
end cross-section, the result of this arrange-
ment was to introduce a beneficial eccentricity
of application of the axial load in that part of
the spar in which the stresses were large. As’
the top and bottom surfaces of the spar were
parallel planes but the locus of the neutral
axes of the cross sections was a curved surface,
the arrangement might be described as a
hidden camber. On account of this feature
the spars of type 3 are classified as eccentrically
loaded spars. The results of the tests on
them are not considered as representative of
what can be done. in practice in box spar de-
sign so much as illustrations of the practi-
cability and effectiveness of the principle of
camber as applied to box spars. This type of

- gpar might be described as a double I spar of

the general type used ir: the Curtiss O-1 and

16088—29——2

other designs except that the ears are omitted
on the tension flange. This particular spar
is not shown in any of the figures in this
report, but it was very similar to spar 3E
shown in Figure 7.
3B. Spar 3A failed under a relatively low load by
crushing of that part of the compression
flange located between the plywood webs
about midway between one end and the
adjacent side load. As the failure was
believed to be due to failure of the glue joint
to carry load into the ears, spar 3B was made
with the ears extending to the end fittings
instead of stopping 3 inches short of that
point. In other respects it was the same as
3A.
3C. This spar differed very little from 3B, the detail
dimensions being varied a little in the hope of
obtaining a spar of this type that would carry
the required load without failure of the ply-
wood web to transmit load into the ears.
3D. The chief feature of detail design of this spar was
that a direct connection through a glued joint
was provided between the ears and the central
portion of the compression flange. This feature
made it possible to impose a fair share of the
load on the ears, and the spar failed by hori-
zontal shear on the webs, between the end
fitting and the side load.
3E and 3F. Spar 3F was a T-box, differing from 3D
mainly in that web stiffeners were provided
where the shear was large. It failed by a
combination of shear and bending at the end
fitting. The strength-weight ratio developed,
1925, is the largest yet attained. The results
of the test on this type of spar show that such
design refinements as camber can be applied ~
to wood construction just as easily, if not
. more easily, than to metal construction, and
that the resulting increases in strength-weight
ratio will be ds great. Spar 3E was similar to
3F, but the webs were made of inferior ma-
terial. It was not as stiff as 3F and failed
under 17,740 pounds by shearing of the webs
. and crushing of the compression flange about
15 inches from the end pin. As the weight
was 10.07 pounds, the strength-weight ratio
was only 1760. The EI values of this spar
are unknown, as material was planed off the
corhpression flange just before the test, the
previous test of spar 3F indicating that the
original flange would be stronger than the
inferior plywood webs. Owing to the rela-
tively low strength-weight ration attained
and the lack of information regarding EI,
the results of the test of this spar are not
tabulated. The T-box spar shown in Figure
7 is 3E.
4A, 4B, 4C, and 4D. These are all conventional spruce
I-beams differing slightly in proportion, but
all routed out of a single stick of wood. . The
failure of spar 4A is shown in Figure 10, while
section of 4B and 4C are shown at I and H
respectively in Figure 5.
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4E. A conventional I-beam differing from the other
four only in that, instead of being routed out
of a single stick of wood, it was made up of
three pieces glued together. One piece
formed the web and the other two the flanges.

DURALUMIN SPARS

10A. A duralumin box composed of two flat plates for
the cover plates and two channels formed
from sheet material for the webs. The webs
were stiffened by vertical channels formed
from sheet, one leg of these channels being
riveted to each web. This spar is shown at
G in Figure 4 and its failure in Figure 11.

10B. This spar differed from 10A only in that the

rivets connecting the webs to the cover

plates were spaced more closely. Its failure

is shown in Figure 11.

this spar an attempt was made to improve

the efficiency of the design by increasing the

thickness of the cover plates and decreas-

ing that of the webs. The stiffeners were

vertical but lightened by flanged holes. This

spar is shown in Figure 10.

10D. The dimensions of this spar were the same as
those of 10C except that the web stiffeners
were arranged in the form of the web of a

. Warren truss. It is shown in Figure 10.

10E. This spar was like 10C except that flanged light-
ening holes were put in the webs. It also is
shown in Figure 10.

11A. The chords of this spar were round duralumin
tubes. The webs were rather heavy flat
plates with rather large unflanged lightening
holes. The connection between webd and
chords was made by small bolts passing
through the chord tube and both web plates.
Vertical channels were used between adjacent
lightening holes as web stiffeners. The
lightening holes were circular near the ends
of the specimen where the shear is large,
and oblong in the central portion where the
shear is small. The failure of this spar is
shown in Figures 10 and 11. .

11B. This spar differed from 11A only in that serews
similar to wood screws were used to connect
the webs to the chords. It is shown at B in
Figure 4 and in Figure 11.

10C. In

12A and 12B. Extruded duralumin I-beams with’

curved flanges and bulbs at the free edges
as shown at E in Figure 4. The failures of
these spars are shown with the spars still in
the testing machine in Figures 12 and 13.
The same spars are shown after being taken
out of the testing jig in Figure 12.

13A and 13B. Extruded duralumin Ibeams with
beveled flanges as shown at D in Figure 4.
The failure of 13A is shown in Figure 12 with
the spar still in the testing machine, while
both spars are also shown in Figure 12 as
they were after being removed from the test
jig. - Both type 12 and type 13 were shallower
than the 614 inches allowed by the specifica-
tion. This was due to the fact. that at the

time they were ordered manufacturing facili-
ties did not permit the extrusion of a deeper
section. .

14A. This spar was a duralumin plate girder made up

of a duralumin sheet web stiffened by small

vertical angles and bulb T extruded flanges.

The vertical leg of the T was slotted so the

web plate could be placed on the plane of

symmetry. This spar is shown at F in

Figure 4. -

14B. This spar differed from 14 A in that, instead of
slotting the extruded T section to receive the
web plate, that plate was riveted to one side
of the vertical leg. In order to keep the
weights of these two spars as nearly the
same as possible, the side of the T was planed
down an amount equal to the thickness of
the web. ‘This spar is shown at 4 in Figure
4 and its failure in Figures 12 and 13.

14C. This spar was of the more conventional plate
girder type, the flanges being composed of
two angles. The two angles used, when
taken together have the same cross section
as the bulb T used for spars 14A and 14B.
Spar 14C is shown at K in Figure 5.

14D. A plate girder similar to 14B with its eccen-
trically located web plate, except that the
amount of material in the bulbs of “the
extruded T flanges was increased, and the
vertical leg of the T was not recessed for the
web plate. :

15A. A duralumin channel Warren truss. The chord
members were single channels with spacers
tying the free edges together to prevent local
failure. Each web member was composed of
two channels facing each other. About at
mid-height of the beam the free edges of these
web channels were connected by small plates
to prevent local buckling. Al of the channels
used in this spar had a ratio of width of back
to length of leg of about unity. The con-
nections were riveted. Probably through
oversight, the depth of this spar was made
654 inches instead of the 614 inches specified.
This difference resulted in the spar giving

" better test results than if this error had not
been made, and, therefore, the results for
this spar are not directly comparable with
those of the others. This spar is shown in
- Figure 12. ' : '

16A. Another duralumin channel Warren truss dif-
fering in many details from 15A.. Single
channels were used for both chord and web
members, and the ratio of width of back to
length of leg was about 2 in all cases. On
account of the short legs, mo spacers were
used to tie the free edges of the channels
together and prevent local buckling. This
spar is shown at P in Figure 6 and its failure
in Figure 13.

16B. A channel truss design very similar to 16A. The
width of back of the channels forming the
chords was about one-fourth inch greater than
those of 16‘& while the widths of their sides




16C.

16D.

16E.

16F.

16G.

16H.

17A.
17B.

18A.

18B.

19A.

was about one-eighth inch léss, and the thick-
ness of the sheet from which they were con-
structed was slightly less. As a result a
somewhat greater moment of inertia was ob-
tained coincidentally with a small decrease in
sectional area. The weight, however, was a
little greater, due probably to heavier web
members and connections. Spars 16B to 16H
are all shown in Figure 8.

The chords of this spar had backs with the same
width as 16B and sides with the same width
as 16A. The thickness of the material was
practically the same as for the other two spars.

The width of back of the compression chord chan-
pels of this spar was even less than for 164,
the width of side was the same as for 16A and
16C, and the material from which they were
made was of about 25 per cent heavier gauge.
The tension chord channel was about a tenth
of an inch narrower of back, and of the same
width of side, but the thickness of the material
used was only about 0.6 that in the compres-
sion chord. ‘

The dimensions of the chord channels were prac-
tically the same as for 16D except that the
sides of the’compression chord were made
wider and of the tension chord narrower.

The chords of this spar had the widest backs and
the narrowest sides of all of type 16 that were
tested. The thickness of the material was
the same as in spars 16A and 16B. Both
chords were of the same size, and the backs
of both were stiffened with longltudmal corru-
gations. :

The chords of this spar were of the same size as
those of 16C except that the backs of the
channels were stiffened by a longitudinal cor-
rugation.

This spar was like 16G e\cept that the chords

were additionally stiffened by bending the free‘

edges of the sides inwards.

A duralumin trussed web dumb-bell spar. It i 15
shown at S in Figure 6 and in Figure 13. It
should be noted that the web of Warren truss
type is composed of members of stamped sheet.

This spar was like 17A except that the web mem-
bers were composed of duralumin tubes flat-
tened at the ends.

6 and in Figure 13.

A duralumin hour-glass type spar similar to some

of the steel spars developed in England. Itis
- shown at M in Figure 5 and in Figure 11.

As 18A failed by lateral buckling at a relatively
low load, the second hour-glass spar, 18B, was
made wider, but otherwise the same. Its
failure is shown in Figure 13.

A framework of duralumin tubing. The com-
pression chord was composed of two round
tubes connected by a shallow channel so the
whole chord would act as a unit in resistance
to lateral buckling. The tension member was
composed of a single round tube. The webs
were composed of a number of small round
tubes pinned to the chord tubes. These web

It is shown at T in Figure

19B.

20A.

21A.

20B.

‘down to provide added stiffness.

members were in four planes, each compres-
sion chord tube being connected to the tension
. chord by two sets of web members. The
construction of this spar is shown at J in
" Figure 5 and also in Figure 13. ' As this spar
was cambered by assembling it in a slightly
arched shape, and also had eccentrically located
pins in the end fittings, it is classed among the
eccentrically loaded spars and the test results
. are not comparable with those in the other two
groups. In the first test the compression web
members near one end fitting failed under a
low load and the spar was returned to the
manufacturer for repair. Heavier web mem-
bers were put in and the spar tested again.
The spar in the form first tested is referred to
in the tables as 19A-1, and the repaired spar
as 19A-2. The photograph of this spar in
Figure 13 was taken directly after the first test.
The chief differences between spars 19A and
19B are that in the Iatter, the main tubes are
somewhat larger, and the ¢hannel connecting
the two tubes of the compression chord of
19A are replaced in 19B by a latticing of .
small round tubes similar to the latticing
connecting the two chords This spar s
_shown in Figure 7. ' K
Spar 20A was a duralumin box with the chords
made of two sheets forming a hexagonal cell.
The webs were of corrugated duralumin
sheet, and the corrugations were vertical.
In the first test the rivets in the end fittings
_failed. These rivets were replaced by ma-
chine screws and in a second test the spar
failed in the webs near the end fittings. The
data given below are from the second test.
As spar 20A failed in the end fittings, 20B was
_made of the samé size, exccpt for the fitting
design. ~ This spar is shown in Figure 9.
Spar 21A was a development of type 10, differing
. from that type in several important details.
Instead of a single flat cover plate for each
“chord, two plates were used, the inner one
.. flat and the outer with the free edges turned
Also the
" tension chord was made lighter than the com-

‘pression chord. The web, instead of being

21B.

21C.

stiffened by channels connecting their inner
faces, as in type 10, were stiffened by fairly
large vertical corrugations spaced about 6
inches apart. This spar is shown in Figure 7.

This spar differed from 21A in that the com-
pression chord was made a little lighter by
decreasing the thickness of the inner' plate
. and the tension chord by omitting the inner
plate but increasing the thickness of the outer
plate. This spar is also shown in Figure 7.

Like 21B except that the webs were stiffened by
internal channels like those used in type 10
alternating with small angles riveted to the
outer surfaces. This spar is shown in
Figure 9.

21D. Like 21C except that only the chnnnel stiffeners

were used. The spar is shown in Figure 9.
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22A. Spar 22A was a duralumin channel truss very

similar to the spars of type 16. The chief
differences were that the tension chord was
made lighter than the compression (though
this was true of 16D and 16E). The back of
the compression chord channel was reinforced
by a longitudinal strip of sheet riveted to the
center, the web members were attached by
two large rivets to each side of the chord
member instead of several small rivets and
the tension web members were made up of
pairs of small channels, one on each side of
the spar instead of all web members being
made of single channels connected to both
sides of the chord channels. In the first test
the frce edges of the compression web
members buckled due to the added com-
pression caused by the eccentric application
of the load involved in the design of the
connections to the chords, and had to be
stiffened by riveting small angles to these
free edges. Spar 224 is shown in Figure 7.

. This spar was like 224, except that the com-

pression web members were made with the
free edges turned in to provide stiffness and
avoid the weakness developed in 224,

. A duralumin dumb-bell type with the web made

of sheet duralumin corrugated longitudinally.
The spar is shown in Figure 9.

23B. This spar was like 23A except that the web

30A

30B

was made of flat sheet reinforced by D type
stiffeners in the form of a Warren truss web.
This spar is shown in Figure 9.

STEEL SPARS

. A steel channel Warren truss. . This spar was

very similar to spar 164, but constructed of
heat-treated alloy steel sheet. On account of
the greater density of steel this spar was much
narrower than 16A and had such a low value
of EI,, that it was tested with two lateral
supports. It is shown at R in Figure 6.

. This spar was like 30A except that the joints were

made by welding after heat treatment instead
of being riveted. It is shown at @ in Figure
6 and its failure in Figure 13.

31A. A welded chrome-molybdenum steel tube Warren

- truss. On account of the small allowable
total depth the chord members were made

31B. In

of elliptical tubing, though the web members
were made of round tubing. This spar is
shown at C in Figure 4.

manufacturing spar 31\ the manufacturer
did not make sufficient allowance for shrink-
age of the spar after welding, and the first
spar constructed was found to be more than
an eighth of an inch below the specified total
depth. In spite of this defeet it was tested,
being designated 31B.

31C. Spars 31A and 31B were insufficiently stiff

laterally, so that much larger tubes were used
in 31C. Otherwise it was like the other two
spars. It is shown in Figure 9.

32A and 32B. Spars 32\ and 32B were welded

chrome-molybdenum steel tube trusses very
similar to those of type 31. The chords were
of clliptieal tubing and the webs of round tub-
ing. The chief detail of interest in their
design was that the tension web members were
carried through the chord member tubes and
were welded to both surfaces of the latter.
Spar 32A was made of tubing as received from
the mill without heat treatment. It failed by
crushing of the compression chord near a weld
about 314 inches frona the center of the length
of the spar. The tubes for spar 32B were heat
treated to 150,000 pounds per square inch
tension before welding. This spar failed by
crushing of the compression chord adjacent to
the end fitting. Both of these spars were
tested with two lateral supports. An attempt
was made to test spar 32A with a single lateral
support, but the compression flange began to
buckle at about 12,000 pounds axial load, and
the test conditions were changed. The spars
are shown in Figure 7.

COMBINATION STEEL AND DURALUMIN SPARS

40A. A spar similar to type 31, the chief difference

being that the chords were made of elliptical
duralumin tubing. As dural chords can not
be welded to steel tube webs, the web mem-
bers were welded to shcet-steel saddles and
the chord members pinned to these saddles.
This spar is shown at L in Figure 5 and also
at O in Figure 6.

40B. Like 40A except that larger tubes were used for

the chords. This spar is shown in Figure 9.
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GEOMETRICAL PROPERTIES OF SPARS

15. The geometrical properties of the cross sections
of the metal spars are given in Table 3. The actual
dimensions are not given on account of lack of space,
but wherever there might be any question as to how
the values given in Table 3 were obtained, the method
used is explained in paragraph 16. The wood spars
are not represented in this table as they were designed
in accordance with standard methods and present no
special feature or problems.

The column headings of Table 3 have the following
meanings:

Q
e,

Head- Bignificance
ing .

:

Ao | Sectional area of compression chord.

A¢ | Sectional area of tension chord.

Aw | Bectional ares of web (omitted In the case of trusses).
A Sectional area of spar; the sum of columns 2, 3, and 4.
Moment of inertia of spar about minor of XX axis.
I, Moment of inertia of SJ)N‘ about major or YY axis.

© O~ Idone N
Ll
]

e | Distance from centroid of section to most distant fiber of
compression chord.
¢ | Distance from centroid of section to most distant fiber of
tension chord. .
101 ye { Distance from centroid of section to centrold of compres-
. sion chord. :
1 ¥

Dghtan;a from centroid of section to centroid of tension
or

12| h Effective depth of spar; the sum of y, and Ve

13 px adius of gyration of section about minor or XX axis.

14| py | Radius of gyration about msjor or YY axis of section.

15| pex -| Radius of gyration of compression chord about an XX

axis through its centroid.
pey | Radius of gyration of compression chord about & YY
axis through its centroid.

I
>

16. In computing the geometrical properties listed
in Table 3 the procedure used in doubtful cases was
as stated below:

TABLE 3.—Geometrical properties of spar sections
DURALUMIN SPARS

Spar Ao A, Aw A I, I, Ce G Y b h ” Py Pex Py
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
10A 10.313510.3135 [ 0.844 | 1471 |90.18 | 1107 |3.125 |3.125 ! 3.0705 | 3 0705 | . 141 | 2498 | 0.902 |0.03145 | 0.830
10B 3135 { .3135 ¢ . 1.471 1 9.18 1.197 [3.125 |3.125 |3.0705 | 3.0705 | 6. 141 2498 | .902 |.03145 | .830
10C . 359 . 359 . 691 1.400 { 9.45 1.126 13.125 | 3.125 !3.0625|3.0625 | 6.125 2.500 | .804 |[.1141 .830
10D .359 . 359 891 1.409 | 9.45 1126 13.125 |3.125 | 3.0625 | 3.0025 | 6.125 2501 . . 1141 .830
10E 350 . 359 417 1,135 | 9.27 L9045 | 3.125 | 3,125 | 3.0625 | 3.0625 | 6. 125 2.858 | .8025 [, 1141 830
11A .614 ] € SO 1.228 | 6.584 812 13.125 [3.125 {2250 | 2250 |45 2316 | .646 |.545 .602
11B L6814 | L84 fL.__.... 1.228 | 6.584 812 $3.125 (3125 (2250 {2250 |45 2318 .646 | ,545 .602
12A . 550 . 600 1.700 | 8.425 .433 | 2800 | 2.800 2228 504 ..o ... .628
12B . 550 . 850 . 800 1.700 | 8.425 .433 [ 2800 | 2800 2228 804 ... .626

13A | .500 ; .500 ! .800 ; 1.600|7.881 | .301 | 2986 | 2702 2219 | 494 .8
13B | .500 | .500 | .600 | 1.600 | 7.881 | .301 | 2986 |2 702 : -] 2219 .40¢ {17707 . 625
14A .512 . 512 . 230 1.254 | 8.980 407 | 3.125 [3.125 [ 2804 | 2804 | 5 788 2676 | .570 |[.253 .631
4B | .501 | .301 1 -381 (3.125 /3125 |2890 (280 (85770 | 2685| .560 (.25 | 616
MC | .e52 1 445 13.125 13,125 12828 | 2828 {5,652 | 2676 .842 |.300 | .84
4D | .633 | . 1 -581 [3.150 13.150 |2862 | 2863 |5724 | 2700 | .628 (.300 | .e78
154 | .580 | . -854 13.3125 | 3.3125 | 2776 | 2776 |5.553 | 2817 | .858 |.420 | .a%§
16A | .630 1657 13125 |3.125 (2781 {2781 |8.862 | 2807 |1.124 |.3780 | 1.046
16B | .623 1.834 13,150 13150 1285 |28% |&701 | 2870|1213 | 3422 {1212
16C | .675 2039 |3.155 |3.185 | 2815 |2.8156 | 5631 | 284201 .3810 | 1.
16D | .728 1340 /2487 13813 | 2116 3401 |8877 | 2732 | 1069 |.3726 | 1 0c6
18E | .778 1.335 12201 13.960 | 1863 (8713 | 8576 | 2657|1070 |.4255 | 1 080
16F2 | .504 1763 13,140 13.140 12922 | 2022 |5.845 | 29031 (1220 |.200 | 1238
16G | .677 2011 |3.145 [3.145 | 2795 (2795 | 8.690 | 2819 1.218 |.3700 | 1.218
16H | .693 2100 | 3145 (8145 (2707 | 2707 | 8505 | 2822/ 1.231 |.3684 | 1231
17A | . 542 3156 [3.158 | 2570 {2570 |5.140 | 2601 | . 402 | (738
17B | .500 -333 13125 13125 (2408 2408 (4905 | 2313] .730 |.278 | .738
18A | .285 533 [3.004 |3004 |290 [290 |&80 2315 .636 .636
18B | .382 982 |3.063 13063 {288 |28 |876 2.350 | .828 .828
DURALUMIN SPARS .
19A (0509 [ 0.263 |..__.___ 0.772 14.358 |1.007 |2234 (4018|1635 [3.208 [a951 |237 | 1192 | 0280 1421
1B | . 1,228 -782 | 3.683 | 1508 [1.988 | 4062 | 1363 312 [4.675 |2170 | 1388 | 416 .618
20A 710 | .710 1420 110.333 | .866 [3.125 [3.125 (2720 | 2729 | 5458 |2 781 | .206 | .781
2B | .675 | .675 |..._.... 1.350 110.083 | .846 (3.125 3125 12716 |2.716 | 5432 (2733 | .79z | %6 792
21A | .627 | .468 | 0.404 | 1.589 [11.374 (1034 |2862 [3.438 | 2735 | 2335 |6 070 2675 | .88 | .080 | .86t
21B | .609 | -39 | .04 11496 110200 (1021 [2713 |3537 (2579 |3.832 |eo11 |2812 | sn L0086 | .888
2C | .600 ! 303 | 404 | 1496 (10209 | 1021 (2713 [3537 {2579 |3.432 | & o011 2612 | .827 | .006 | .886
21D . 609 } .393 <404 11,496 10.209 | 1.021 | 2.713 |3.537 | 2579 3.432 16011 |2612 .827 . 096 .886
24 .684 443 (.. ____. 1 9.013 1219 | 2548 (3,752 12265 |3.492 | 5. 757 2.828 | 1.040 .303 | LOO8
22B | .666 | .553 |......o- L1219 h0.011 | 1.314 | 2854 [3.396 | 2601 [3.130 | 5730 | 2866 | 1,038 | 266 | 997
23A P 460 460 .320 | 1.240 | 5.932 .582 | 3125 | 3125 | 2380 | 2380 |4 760 2180 . 685 .518 .703
23B 460 | .460 | .1408 | 1.061 |5.596 | .578 |3125 |3.125 {2380 | 2350 |4 780 2208 { .737 | .58 | .703
: . STEEL SPARS
30A | 0.208 0.1934 12,125 |3.125 [29006 |2908 |5811 | 2015 0683 0.2505 | 0.683
30B .208 L1934 13,125 13.125 12906 | 2006 5. 811 2.915 . 883 L2505 | .683
31A .217 L184 | 2728 3524 [ 2163 [3.118 | 5.281 2624 626 . 410 .707
31B | .27 (184 | 2675 13.450 | 2112 {3044 | 5156 | 2563 .628 | .410 | .707
31C .395 . 386 I2.656 3.54°12008 |3.027 |5.033 2 504 .768 . 468 .
324 . 259 L1911 2825 13.363 | 2250 | 2913 | 5.163 | 2 590 645 . 420 .710
| 32B [ .259 ! 101 2787 13.313 12212 (2863 [5075 | 2547 645 | 420 | .70
COMBINATION SPARS .
40A 0.5458 | 0.2887 |....____ 0.835 [5379 [0.420 | 2407 | 3.893 fl 1.827 13.453 | 5280 | 2538 [0.709 | 0402 |0.768
40B . 929 . 569 | ________ 1.497 | 8.141 1.741 i 2.731 |3.320 i 1.758 | 2.871 .4629 { 2.332 | 1.080 .708 | 1.219
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Type 10. Duralumin bor.—Shown as ¢ in Figure 4.
In computing the properties of the sections of this
type the cover plate alone was assumed to constitute
the chord.

Type 11. Duralumin tube and plate spar.—Shown as
B in Figure 4. In computing properties, that part of
the web sheet between the edge of the lightening hole
and the free edge was assumed to be part of the chord.
Both spars were intended to be of the same section
and this was assumed to be the case. The properties
listed were obtained from the dimensions of spar B,
and those of spar A assumed identical.

Type 12. Extruded duralumin bulb I beam.—Shown
as E in Figure 4. "The division between the chord
and the web was assumed to be at the base of the
fillet where it is tangent to the sides of the web. No
attempt was made to compute the effective depth of
the section or the properties dependent upon a knowl-
edge of the location of the centroid of the chord. The
moment of inertia was determined graphically. The
properties of both spars were assumed the same.

Type 13. Eztruded duralumin bevel 1 beam.—Shown
as D in Figure 4. The actual section was not used in
determining the geometrical properties, but an equiva-
lent section was drawn up in accordance with the usual
practice in design of wood spars, and the properties
of this equivalent section assumed to be those of the
actual spars.

Type 14. Duralumin plate girder—Shown as F in
Figure 4. 1In the computations, that part of the web
plate between its free edge and the free edge of the
vertical leg of the Tee was assumed part of the chord.

Types 15 and 16. Duralumin channel truss.—Shown
as P in Figure 6. In computing properties allowance
was made for the fillets where the sheet was bent. )

Type 17. Duralumin trussed web dumb-bell.—Shown
as S in Figure 6. The areas and other properties were
obtained graphically with the aid of a planimeter.
In the case of 17A, the sectional area of the chord
was checked by Simpson’s rule from which a slightly
larger value was obtained, but the planimetered value
was considered the more reliable.

Type 18. Duralumin hourglass.—Shown as M in
Figure 5. The division between the chord and the
web was assumed so that the horizontal portion of the
web plate where it is riveted to the cover plate was
considered as part of the chord. The properties of
18A were computed both analytically and graphically
and what was considered the more reliable figure was
used. The areas of 18B were computed analytically
and checked graphically. The moment of inertia was
found from that of 18A by proportion. The locations
of the flange centroids were estimations of those
quantities for the cover plate by itself.

Type 19. Duralumin tubing framework.—Shown as
J in Figure 5. In 19A the channel connecting the
two tubes in the compression chord was considered a
part of that chord, but the computations of its prop-
erties are none too precise. In 19B the small” tubes
that replaced this channel were neglected in computing
the properties of the compression chord.

Type 20. Hezagonal cell chord duralumin  bor.—
Shown in Figure 9. None of the sheet forming the
webs was considered a part of the chord, and the web

is neglected in computing the total area, as the vertical
corrugations were believed to prevent its carrying any
appreciable portion of the axial load. The properties
were obtained graphically. As an analytical check of
the chord area gave a somewhat smaller value, the
area tabulated may be considered as including the
horizontal portion of the web sheets. The properties
of 20B were taken from a report submitted by the
Douglas Co., which accounts for the difference in the
various properties as recorded, in spite of the fact that
the two spars were intended to be of identical cross
section.

Type 21. Duralumin box.—Shown in Figure 7. The
part of the web plates that was turned over to permit
riveting to the cover plates was considered a part of
the chord. Where the inner cover plate was beveled
at its edges, an equivalent rectangular section was used
in computing properties. The properties of 21C and
21D were assumed to be the same as those of 21B.

Type 22. Duralumin channel truss.—Shown in Figure
7. "The dimensions of the fillets at the corners of the
chord members were considered in computing the
properties of the section.

Type 28. Duralumin continuous web dumb-bell.—
Shown in Figure 9. The properties of 23B were
determined graphically. Those of 23A were deter-
miried by correcting the properties of 23B to allow for
the greater thickness and corrugations of the web.
The chords of the two types were assumed to be iden-
tical. None of the area of the sheets forming the webs
was considered a part of the area of the chord.

Type 30. Steel channel truss.—Shown as R in Figure
6. The fillets at the corners of the chord member
channels were neglected in computing the properties
of the section.

Types 31 and 32. Welded steel tube trusses.~—Shown
as C in Figure 4. No allowance was made for extra
material at the welds, and the chord members were
assumed to be truly elliptical in section. In type 32
no allowance was made for loss of material where the
chords are intersected by the tension web members.

Type 40. Combination duralumin and steel tube
truss.—Shown as L in Figure 5. The chord members
were assumed to be truly elliptical in section.

17. The values given in Table 3 are not as exact as
the number of significant figures would imply. This
is due to two main causes. The first is that the
properties were computed mainly from eross-sections
of the spars, cut from them after the tests. When the
tests were started, it was believed that this would be
the best procedure as it would insure that the actual
thickness of the material in the test specimens would
be used in the computation of properties rather than
the nominal values used in design. Exp®ience has
shown that while the true value is used if found, there
is a large chance of error in making the measurements,
and that the resulting values are not necessarily more
reliable than would be values worked out by the builder
before submitting the spar to the division for test,
particularly if the builder were required to check his
intended measurements on the article as furnished.
The second cause of error was the change in section
resulting from the tests. This was a particularly

annoying source of error in the case of spars like those
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of types 17 and 23 with irregular sections. In other
types, like 10 and 16, even though the spar section
were deformed in the test it was not hard to reconstruct
the original section. In the specification that will be
used in future purchases of test spars, it is required
that the builder compute all of the important geomet-
rical properties of the spars he furnishes, checking
them against the actual articles furnished, and it is
believed that the data obtained in this way will be
more reliable than that given in Table 3.

18. As aresult of the lack of precision of the geometri-
cal properties of the spars as given in Table 3 the unit
stress values given later in this report lack precision in
the same degree. It is believed that this lack of pre-
cision is not great enough to vitiate the conclusions
given in the report, but its does prevent the formulation
of any conclusions based upon small differences in unit
stresses. Another factor which has the same practical
result is the fact that the exact line of division between
web and chord is often uncertain. This is very obvious
in the case of types like 13 and 18, but is also true of
other types. One might think that this division would
be quite clear in the case of, say, type 10, but there the
question arises as to whether the narrow flanges on the
sheets forming the web that are needed in order to
rivet it to the cover plates should be considered as part
of the web or of the chord, and in the latter case just
where the division line should be assumed. That the
division was not taken at the proper theoretical point
in the case of type 10 is shown by the fact that the
computed average values of the unit stresses in the
compression chords of these spars was consistently
greater than the computed maximum unit stresses
in these chords, and the same was true in a less pro-
nounced degree in the cases of the other box types.
This illogical result was due to the fact that the bending
carried by the web was taken into account when com-
puting the maximum unit stresses but neglected when
computing the average unit stresses. That the effect
was most pronounced in the case of type 10 was due to
the fact that the part of the web sheets that was turned
over to permit riveting to the cover plate was considered
as a part of the web in the spars of that type but as a
part of the chord in the cases of the other box types.

STRENGTH-WEIGHT RATIOS

19. Strength-wcight ratios.—The test results recorded
in Table 1 are not in themselves sufficient to determine
the relative merit of the designs tested. For this
purpose it is necessary to use quantities derived from
them, though the quantities to be used to determine a
satisfactory figure of merit are a subject of argument.

The most important quantity used in rating the spars
is the ratio of strength to weight. In this study the
strength-weight ratio used was that of the axial load
on the beam at failure to the weight of a 7-foot section.
The same relative results could have been obtained
from any of a number of similar ratios, but that chosen
seemed to be the most convenient. It should be borne
in mind that this figure is relative and not absolute,
so that it can be used only in comparing spars designed
for the same load and tested under the same conditions.
The strength-weight ratios used in this report would be
worthless in any attempt to compare the spars dis-
cussed with other spars designed for other conditions.

20. The strength-weight ratio by itself can not be
considered as a satisfactory figure of relative merit, as
the designer in selecting the type of spar to be used in a
given location must consider a number of other factors,
many of them nonquantitative, such as reliability,
availability of material, character of failure, experience
of the workmen available, applicability of the type of
spar to the general design, and status of the type of
design with regards to reliability of existing methods
of stress analysis in determining the ultimate load.
In spite of its limitations, however, it is the best single
figure available for the purpose, and if the indications
of the various strength-weight ratios are interpreted
with judgment regarding the effects of the other factors,
a very good idea of the relative merits of the various
designs will be obtained.

21. The first article of a given type of design is
usually poorer than later articles designed in the light
of the results of the tests on the first one. The fact
that a new fype shows a poor strength-weight ratio,
therefore, should not be taken as conclusive evidence
that the type is poor, as the first test may show how
the type can be greatly improved by minor modifica-
tions. In other words, care must be taken to make sure
that comparisons are made between spars which repre-
sent good design in their respective types and not a
good design of one type against a poor design of
another type. The policy of the division has been to
consider the first spar of & new type to be in the
nature of a sighting shot and to make definite de-
cisions regarding the relative merits of different types

‘only on the basis of tests of second or later articles.

In some cases this is not possible with the spars dis-
cussed in this report, as only one of a type has been
tested or all spars tested were designed at the same time,
before any tests had been made. In the discussions
which follow an attempt will be made to take proper
allowance of this fact and to make as fair judgments
as the data will permit.
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TABLE 4.—Strength-weight ratios
SPARS TESTED UNDER DESIGN CONDITIONS

s | (ool PIWt | PIWEX ; P/Wt+ i

Spar P wt P/Wt | Standings | Relative| potio % Des. P Standings /7 Des. P Standings

1 2 3 4 5 6 ! 7 8 9 10 11 12 13 14
2C 22,380 13.5 1,658 1 1 i 100.0 100.0 1,658 1 1 1,569 1 3
2A 24, 600 15.0 1,648 2 2 . 9.4 09.4 1,648 2 2 1,483 10 15
20B 23,510 14. 56 1,615 3 3, 97.4 97.4 1,615 3 3 1,490 9 13
4C 21,320 13.3 1,603 4 4 ; 967 96.7 1,603 4 4 1,554 2 4
2B 21, 700 13.8 1,572 5 5  94.8 9.8 1,572 5 5 1,510 5 8
21D 21,920 14. 62 1,499 6 9 i 90.4 90. 4 1,499 6 7 1,433 P 30
16G 29, 150 13.46 1,407 7 10 ;, 90.3 90.3 1,497 7 8 1,492 8 12
4B 18, 750 13.3 1,485 8 11 | 89.6 89.6 1,468 10 11 1,494 7 1
4D 18, 650 12.6 1,480 9 12 | 893 89.3 1,380 15 16 1,533 3 5
21B 980 14.25 1,472 10 13 1 8.8 88.8 1,472 8 9 1,438 22 28
4E 20, 750 14.1 1,472 10 13, 8.8 88.8 1,472 8 9 1,445 16 22
2B 19, 800 13. 57 1,459 12 15 | 88.0 88.0 1,444 11 12 1,466 11 16
16A 18, 500 12,7 1,457 13 16 | 87.9 87.9 1,348 19 21 1,516 4 (]
4A 19, 450 13.7 1, 420 14 17 85.6 85.6 1,381 14 15 1,440 21 P14
15A 19, 290 13.8 1,419 15 18 85.6 85.6 1,367 16 17 1,445 16 2
21C 450 14. 50 1,410 16 19 85.0 85.0 1,410 12 13 1,394 28 33
18B 19, 050 13.6 1,401 17 20 84.5 84.5 1,335 20 23 1,435 23 29
16C 18, 750 13.42 1,397 18 22 84.3 84.3 1,310 22 25 1,443 19 25
10B 20, 185 14.6 1,383 19 p<3 83.4 83.4 1,383 13 14 1,377 28 35
16B 18, 050 13.06 1,382 20 24 83.4 83.4 1, 247 a 32 1,455 13 18
16H 19, 900 14. 56 1,365 21 25 82.3 82.3 1,359 18 20 1,368 29 37
21A 20, 180 14. 84 + 360 22 29 82.0 82.0 1,360 17 19 1,356 30 39
A 17, 580 12.64 1,359 23 30 82.0 82.0 1,195 29 35 1,450 14 20
20A 19, 740 14.66 1,347 24 31 81.2 81.2 1,329 21 24 1,355 31 39
24 18, 450 13.81 1,338 25 33 80.6 80.6 1,233 28 3 1,391 27 34
10A 19,375 14.5 1,336 26 a3 80.6 80.6 1,204 2 26 1,357 30 38
16F 16, 740 12.58 1,331 27 35 80.3 80.3 1,114 31 39 1,455 13 18
23B 15, 600 11.73 1,330 28 36 80.2 80.2 1,037 34 45 1, 8 10
10E 16, 700 12.7 1,322 29 37 79.7 79.7 1,109 32 40 1,443 18 25
18A 15,320 12.1 1,266 30 39 76.4 76.4 970 35 | 46 1,446 15 21
1A 20, 625 16.3 1,285 31 40 76.3 76.3 1,285 u |2 1, 245 38 48
16E 14, 960 11.97 1,250 32 41 75. 4 75.4 936 37 l 48 1,444 18 24
1B 20, 625 16.5 1,250 32 41 75.4 75. 4 1,250 25 ' 30 1,231 39 49
14D 19, 690 15.81 1,245 H 43 75.1 75.1 1,225 2 | 31 1,255 37 47
10D 17,010 13.8 1,233 35 44 74.4 74.4 1,050 3_1 43 1,337 33 41
16D 14, 850 12.07 1,230 36 45 74.2 74.2 914 40 | 51 1,428 25 31
31C 22,120 18. 52 1,194 37 48 72.0 72.0 1,194 30 ; 38 1,136 41 53
11A 15, 800 13.4 1,182 38 49 7.3 71.3 938 38 47 ,328 34 42
10C 15, 900 13.8 1,152 39 50 69.5 69.5 916 39 50 1,292 35 45
14A 15, 500 13.8 1,123 40 51 67.7 67.7 870 41 53 1,275 36 46
40B 18, 300 18.21 1,005 41 53 60.6 60.68 920 38 49 1,051 43 55
124 15, 875 15.9 999 42 54 60.3 60.3 704 42 54 1,121 42 54
BA 14,375 14.5 992 43 55 59.8 59.7 712 43 55 1,168 40 52

BEAM TESTED WITH ADDITIONAL LATERAL SUPPORT
17A 16,170 10.4 , 555 1 6 100.0 93.8 1,257 5 2 1,730 2 2
30A 20, 800 13.7 1,518 2 7 97.8 91.6 1,518 1 ] 1,489 5 14
17B 15, 300 10.1 1, 515 3 8 97.4 91.4 1,159 8 37 1,732 1 1
30B 17, 230 12.3 1,401 4 20 90.1 84.5 1,207 6 H 500 4 9
32B 19, 660 14.40 1,365 5 25 87.8 82.3 1,342 3 22 1,377 8 35
14C 100 18.2 1,363 8 2 87.7 82.2 1,363 2 18 1,296 10 44
4B 18, 500 13.6 1,361 7 28 87.5 82.1 1,259 4 28 1,415 7 32
2B-2 | 15760 11. 7 1,344 8 32 86.4 8L1 1,059 1 42 1,514 3 7
11B 16, 250 12.4 1,310 9 38 8.2 79.0 1,085 10 41 1,454 8 19
32A 17,250 14.28 1,207 10 46 77.8 72.8 1,041 12 4“4 1,300 ] 43
12B 19, 240 16.0 1,202 11 47 7.3 72.5 1,156 9 38 1,225 11 50
13B 16, 425 15.0 1,095 12 52 70.4 66.0 900 13 52 1,208 12 51
ECCENTRICALLY LOADED SPARS

3F 20,720 10.77 1,925 1 ) U 1,892 3
19B 18,440 | 0.98 | 1,848 2 2 1,925 2
3D 18, 6380 10. 64 1,756 3 3 1,818 4 |oeeas
19A-2 | 14,580 8.6 1, 695 4 L . 1,986 1
3C 18, 110 10.7 1,693 5 4 | 1,779 5
3A 15, 400 10.0 1, 540 [] [} 1,755 8
40A. 15,270 1.1 1,376 7 7 Jocaeen 1,575 8
31B 16, 700 12.4 1,348 8 8 |ooe. 1,475 9
3B 14,070 10.5 1,340 9 L T O, 1, 597 7
31A 14125 | 127 L112 | 10 . 10 1323 | 10

22. Table 4 gives the strength-weight ratios of the
various spars tested and several related quantities.
In Table 4 the spars are divided into three groups:
Spars tested under design conditions, spars tested with
additional lateral supports, and eccentrically loaded
spars. This was done because the purpose of the divi-
sion in carrying out this series of tests is to determine
the relative merits of different types of construction,
and it is considered that the variations in strength-
weight ratio, as well as any other properties that

might be used as figures of merit, caused by the use of
additional lateral supports or by the devices of eccentric
application of the axial load and camber, are too great
to permit direct comparisons between spars of the
different groups. If it had been thought possible to
devise some correction factor that would permit direct
comparison, this would have been done, but no such
factor has yet been suggested.

23. In determining the standings in column 5 of
Table 4 only the spars of the particular group are
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considered, while for column 6, both of the first two
groups are combined to show what the effect would be
of neglecting the factor of additional lateral support.
The only types that showed up particularly well when
aided by the additional supports were types 17 and 30.
None of the spars of these types would have shown up
well if tested with a single support as they were lacking
in lateral stiffness. In both cases, however, the two
spars tested were designed simultaneously, and new
spars designed to have adequate lateral stiffness
might be made which would show up well if tested with
a single support as called for in the specification. This
is particularly true of type 17, both spars of which were
very light and failed under a low load. If more
material were added to the chord members and the
chords widened to increase the lateral stiffness, it is
probable that this type would show up very well.
Type 30 does not lend itself so well to increasing the
lateral stiffness, as the spars tested contained about as
much material as some of those which showed up well
when tested under design conditions, and if the channel
chord members were made wider, some type of added
stiffening would be needed to prevent local buckling or

, erinkling failure. ST
24. In columns 7 and 8 giving the strength-weight
ratios in terms of the best strength-weight ratio devel-
oped, the same system was followed. The figures in
column 7 were based upon the best figure in the group,
and that in column 8 on the best figure in the first
two groups combined. The spars in Group 3 were not
rated against those of the first two groups, as the effect
of the eccentric application of load was to reduce
materially the loads to which they were subjected,
. particularly in the cases of types 3 and 19, which were
the only types in this group which showed up well in
the tests. As it would have been just as easy to have
tested any of the other types with an eccentrically
applied load, it was not considered fair to the spars in
the first two groups to rate them with those in Group 3
. without some allowance for the reduction of load

involved in the eccentricities in the latter group, and

as no fair way to make such a correction was devised,.
it was considered best not to make any such’ comparison..

25. Column 9 shows the strength-weight ratio of
each spar multiplied by the percentage of the design
load carried, except that when more than the design
load was carried, the excess was neglected. This modi-
fication penalized those spars which did not carry the
design load, and is therefore a combined measure of
strength-weight ratio and the ability of the designer to
predict the failing load of his structure, a very important
point in practical design. Columns 10 and 11 give
the relative standings ®f the spars based upon this
criterion, column 10 giving the relative standings in
the group, and column 11, the standings in the first
two groups combined. .

26. In penalizing for failure to meet the design load,
there is danger of doing & type of design an injustice,
particularly as the greater the load carried, the greater,
in general, will be the strength-weight ratio, as the

16088—29—4 o o

‘added material may be placed at the points of weakness,

and thus improve the action of the spar as a whole.
Thus a type of spar which failed under 15,000 pounds
load with a given strength-weight ratio should show a
better ratio if enough material is added to allow it to
carry 20,000 pounds. The variation of strength-
weight ration with change in load earried is unknown
and undoubtedly depends largely upon the type of
design and the cause of the failure under low load. If
the failure under low load was due to a local weakness
of small extent, the possible inctease in strength-weight
ratio is quite large. In order to obtain a measure of
the posaibilities of the different types, designs that car-
ried more than the design load should be penalized
and the figures for those which failed under lower loads
should be increased. The first attempt to obtain a
merit figure of this kind was by dividing the strength-
weight ratio by the percentage of the design load car-
ried. This figure would therefore be-—

Ultimate load " Design load
Weight of spar " Ultimate load
= Design load

* ~ Weight of spar

Figurt; of merit =

Such a rating, therefore, would be merely a rating in-
versely proportional to the weights of the spars sub-
mitted and would not give the desired results.

27. The next attempt was made by modifying the

procedure by dividing the strength-weight ratio by the
square root of the percentage of the design load carried.
The resulting figures and standings are given in columns
12 to 14 of Table 4. Studies of the resulting figures are
interesting, but no general conclusions can be drawn
from them, except that it is impracticable to arrive at
a figure that will represent the complete possibilities of
the different types of spars when some of the basic data
are from tests of spars that failed locally and could be

strengthened greatly with little addition of material,

and others failed because the spar a8'a whole was loaded
to its limit and the entire length of the spar would have
to be strengthened to obtain a material increase in
strength. .- Thus Spar 20A showed & true strength-
weight ratio of 1,347, while the figure of merit under
discussion indicated that the possibilities of this type
were to obtain a ratio of 1,365. This spar failed, how-
ever, in the end fitting, which was cut off before weigh-
ing. Spar 20B was practically the same, except in the
fitting; in fact it weighed 0.1 pound less, yet it developed
a strength-weight ratio of 1,615 in test. The same
figure of merit for 20B was 1,490, the reduction being
due to the overload carried, the figure indicating that
if the strength were decreased to the design load that
the ratio would be. thus decreased. Evidently this
figure of merit is of no value in predicting the action of
type 20, as the spread is 8o great between the figure
1,355 obtained from the spar failing under less than the
design load and-the 1,490 indicated by the spar which
carried an overload. Similar gtudies of other groups
also indicate that this figure of merit is of little value.

i
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TaBLE 5.—Apparent areas

CONTINUQUS WEBS

the length of the spar. The computations of the
apparent area and the ratio mentioned are given in
Table 5. This table gives the sectional area A taken
from Table 3, the apparent ares, A,, and their ratio.

A P . . . " .
Spar | 4 R R B - Figure 14 shows this ratio plofted against strength-
1 2 3 4 5 6 weight ratio, ; .
30. As the web area of trussed spars was assumed
0A | L4711 | 145 | L709 | 0.861 336 : . :
10B | L4 | 168 | 1720 | 898 hs&'z zero in Tz.zble 3, it is to be expected that a truss with a
00 | Li | 55 |t | - 153 given ratio of A to A, would have a better strength-
LE | Liss 127 {:gg . 158 L3z weight ratio than a box with the same ratio. The
128 | 170 | 160 | rs8s | so2 | 1,20 - points repres.entmg Prusses are plotted with - circles,
{gﬁ t% }g:g } ;g -%g . gg while spars with continuous sheet webs are represented
uA | L | 13 }% ;Z; i: 123 by crosses. Though the plotted points are quite
. . . 361
uC | L86 | 182 | Loow | .74 | 136 scattered, they tend to fall about as expected, and
4D | L477 | 158 | Lse4 | .72 | 1245 ‘
18A | 1310 | 121 | 1426 | .924 | 1,266
18B | 143 | 136 | 1603 | .894 | 1,401 HEREEENRRN
21A | 1589 | 14.84 | 1749 | 908 | 1,360 . - P
21B | 1496 | 14.25 | 1.680 | .800 | 1472 -
21C | 11496 | 1450 | 1.709 | .876 | 1410 4-
21D | 1496 | 14.62 | 1723 | .868 | 1499
BA | L240 | 1204 | L1525 | .813 | 1,35 7o)
BB | 1061 | 1173 | 1.382 | .768 | 1344 L34
ECCENTRICALLY LOADED TRUSSED WEBS
WA | 072 | 86 | Lo | 0.762 | 1,605
19B | .782 | 908 | 1.176 | .e84 | 1 848 nZ
3IA | .49 | 127 834 | (878 | L112 g
31B 460 | 124 .521 800 | 1,348 104 :
40A | 835 | 1L1 | 1308 | .638 | 1376 Q "“1
oot [
= 64 N
TRUSSED WEBS p——— = L4t N
gl 184
l L2 HNENS - {1 12
LA | 1228 | 13.4 | 157 | 0.778 | 1,182 M
NB | L228 | 124 | 1.461 | .840 | 1.310 o [
1A | L1eo | 138 | 1603 | .72 | 1419 = - < v 5 "
16A | 1261 | 127 | 1496 | .843 | 1,457 A L p o
6B | L.247 | 13.06 | L50 | .810 | 1382 2o
16C | 1.350 | 13.42 | 1581 | .854 | 1397
16D | LI73 | 1207 | L42 | 825 | 1,230 %
16E | L1668 | 1L97 | 1411 .826 | 1,250 P R4 e
16F | L183 | 1258 | 1482 | .s;r | 1331 N7
16G | 1355 | 13.46 | 1.586 | .854 | L 497 $
16H | 1388 | 14.56 | L1716 | .808 | 1,365 /71 ¢
17A | Looo | 10.4 | 1225 | .86 | 1553 2
I7B | 1000 [ 101 | 1190 | (840 | 1515
0A | L420 | 1466 | 178 | .822 | 1347
20B | L350 | 1456 | L7186 | .78 | 1615 4
2A | L1z | 1381 | Lex | .602 | 1,336 PR b
2B | 1219 | 1357 | 1509 | .763 | 1459 5
A | 418 | 3.7 578 | 12 518
0B | .416 | 123 517 | (804 | 1401
B m)m) | D -
] 3B | 450 | 1440 | 605 | 750 | 1385 _4@
4B | 1407 | 1821 | 2146 [ .698 [ 1,005 s |
STUDY OF APPARENT AREAS 4
|_on aL
28. Study of the test results confirms the impression Fio. 14

that in order to design a spar with a high strength-
weight ratio, the amount of material that does not
aid in carrying the direct axial load must be kept to a
minimum. The fact that the webs of box types are
able to carry their share of the axial load seems to’ give
them a slight advantage over trusses, the web members
of which can not carry any of that load. In the size
of spars tested, this effect was small, and if the spars
had been deeper the other advantages of trussing
would counteract it entirely. On the other hand, in
shallower spars, the advantage of the boxes should be
increased. ' _

29. A measure of the merits of the different designs
in this respect is furnished by the ratio of the eross-
sectional area of the spar to its apparent area, this
quantity being the weight divided by the density and

curves can be drawn showing the envelope of each
group. The fact that some spars did not show nearly
as large a strength-weight ratio as is indicated for them
by their ratio of A to A, shoys only that they were
lacking in other qualities necessary for efficient design
such as strength against lateral buckling of the com-
pression chord. : )

STIFFNESS OF SPARS

31."One of the most important properties of a spar
is its stiffness, a quantity that must be known if its
strength is to be predicted with precision. The de-
signer of a beam can compute the stiffness modulus
EI, of his design by multiplying the standard value of
Young’s modulus, E, of the material used by the
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moment of inertia, I, of the section, and the resulting
value will usually give correct values for the deflection
under load when used with the standard deflection
formulas. If, however, there is slippage in the joints
connecting the various members forming the beam, or
there is appreciable shear deflection in the web, the EI
value so obtained will not give correct results when
used in the deflection formulas. The error will be
specially pronounced when a truss type of spar is used,
as the sizes of the web members used are not considered
in the computations of the geometrical I of the cross
section. If the deflections of a given spar are measured,
however, it is a simple matter to compute the effective
EI from them with the help of the beam formulas.

32. In the study under discussion, three effective EI

values for all the metal spars tested were obtained by |

two methods. Before the main test under combined
axial and side loads, each spar was tested in simple
bending, the loads being kept below those which might
cause permanent deformation, and the deflections
measured for the determination of EI. This was done
first with the loads perpendicular to the plane of the

spar to obtain the value of effective EI about its major
axis and then with the loads in the plane of the spar
to obtain the effective EI about its minor axis. - After
the main test, in which the spar was tested to failure,
the effective EI was again determined about the minor
axis from the deflection readings of that test.
+33. The various EI values and the ratios between
them are given in Table 6. The nomenclature in this
table and the following discussion is as follows:
- EJ;y Standard E times geometric I about minor
' axis. YRS
*  EI,, Effective EI about minor axis from eross-
bending test. .- e
EI., Effective EI about minor axis from main
test on spar.
E,I,, Standard E times geometric I about major
axis.
El,, Effective EI about major axis from cross-
bending test.
34. Column 11 of Table 6 gives the ratio of EI,, to

“the weight of a 7-foot section of spar and column 12

“the ratio of Eln, to the same weight.

TaBLE 6.—Stiffness properties of spars

El. Elms | Elmt El,, Elis | Elm

Spar | Eudgat | Els Eluns Fules Ed,. A Edeyt | Elyy B, W, W,

1 2 3 4 ] 6 7 3 9 10 1 12
10A 01.8 758.2 88.0 -0.820 +0.950 +1.170 ne 818 —~0. 684 5.18 6.07
10B 91.8 91.2 97.0 . 904 +1.0568 +1. 064 1197 11.97 —1.000 6.24 6.64
10C 4.5 86.6 95.3 +.916 -+1.009 +1.100 11.26 10.97 -, 974 6.28 6.01
10D 4.5 88.2 90.3 +.934 +.958 -1.024 1126 1L 71 +1. 040 6.39 6. 54
10E 2.7 90.8 80.4 +.978 -. 867 ~. 888 9.05 9.31 +1.020 7.13 6.33
11A 68.4 | 283.4 51.6 -—. 781 - 7% | —.005 5.32 4.88 —. 918 3.99 3.85
1B 68.4 5.6 52.8 ~. 708 L7712 -, 968 8.32 8,34 -1.004 4.40 4.26
124 87.8 89.0 85.9 +1.016 +. 981 -.965 4.80 4.39 -. 978 5.60 5.40
12B 87.6 83.5 85.7 +.9053 +.978 ~1.028 4.50 4.80 —1.000 8.22 5.38
13A 82.0 72.8 73.0 -.888 -, 590 |. —1.003 4.08 4.10 -1.010 5.02 5.04
13B 82.0 76.0 74.5 +.927 -, 908 -, 980 4.06 3.88 -, 956 5.07 4.96
4A 93.4 78.3 9.8 —. 838 +1.057 | +1.263 423 4.76 +1.125 5.68 7.16
14B 91.0 96.0 92.7 +1.055 +1.019 —. 965 3.96 4.76 +1.201 7.08 6.82
140 112.9 108.7 102.0 +. 945 —. 904 —.956 4.63 5.87 +1.2687 6.58 6.30
14D 112.0 133.5 109.0 +1.192 +.973 -, 816 6.05 6.88 +1.133 8.4 6.89
15A 921 81.1 83.4 —.881 ~. 905 +1.028 8.54 8.46 —. 991 5.98 6.13
16A 99.3 7.5 85.0 —. 781 —. 858 +1.006 16.87 16.92 +1.021 6.10 6.69
16B 102.7 83.7 107.2 -~.815 +1.044 +1. 280 18.34 18.48 —1.008 6.40 8.20
16C 109.0 87.1 102.8 -, 709 +.943 +1. 180 20.39 20.70 ~1.015 6. 49 7.66
16D 87.6 79.9 86.2 +.912 +-. 984 1,079 13.40 18.13 -, 980 6.62 7.14
16E 82.3 72.3 86.6 -—. 879 +1.052 +1.197 13.35 18.62 +1.020 6.04 7.2
16F 102.1 78.0 87.9 —. 764 —. 860 1,127 17288 18.35 +1.024 6.20 6.98 <
16G 107.7 84.6 103.6 -, 785 +.962 1. 24 20.11 20.20 ~1.005 6.28 7.69
16H 110.3 87.4 9.1 - 792 —. 808 +1.134 21.00 19.53 -, 930 6.00 6.80
17A 67.7 60.7 6.2 +.897 —. 904 -1.009 5.42 8.53 +1.020 5.83 5.88
17B 63.2 61.3 57.8 +.970 -—. 915 -, 043 5.33 5.49 -+1. 030 6.07 5.72
18A 70.7 69.8 64.8 -+, 988 —.918 -.928 533 4.74 -. 800 8.77 5.36
18B 7.2 80.1 78.3 +1.011 +.989 -. 978 0.82 9. 14 -. 91 5.89 5.76
19A 45.4 33.4 - -. 738 11. 40 8.2 —.TA 3.88 [ecmeenan
19B 38.3 31.4 —. 820 |... 15.68 13.65 -, 871 3.16 feeaecnan
20A 103.3. 93.9 3 +. 909 —.810 -. 802 8.66 o.M +1.075 6.42 5.70
2B 100.8 1.4 86.0 +.907 -—.853 -. 941 8.46 8.75 +1.034 6.28 5.90 .
21A 13.7 93.4 9.5 -. 822 -.813 —. 990 10.34 9. 50 —. 019 6.30 6.23 .
21B 102.1 87.4 100.8 —. 856 +. 987 +1.1683 10.21 9. 55 -.935 6.14 | .7.08
21C 102.1 100.1 101.7 -+, 980 4. 996 -L 018 10.21 10.13 . 908 6. 90 7.01
21D 102.1 97.5 9.6 +.955 +.975 -1.021 10.21 10. 85 +1.033 6.67 6.81

A 90.1 74.4 69.9 —. 826 -, T768 —. 40 1219 3.7 +1.089 5.38 5.06
22A 100.1 82.9 75.1 —. 828 . 750 —. 908 13.14 13.08 §.. ~.995 6.11 5.53 .
ZA 59.3 68.1 73.0 +1.148 +1.230 +1.072 5.82 7.09 +1.217 5.26 .5.64 e aa

- 2B (- 56.0 62.7 68.5 +1.109 +1.223 | +1.002 8.78 6.71 +1.160 5.34 5.83 !

" 30A 102.4 89.0 86.0 —. 869 ~. 840 —. 968 5.61 5.78 +1.030 6.50 | -6.28 .
30B 102.4 93.1 83.9 +. 908 —. 819 -. 901 5.61 5.82 -+1.037 7.57 6.82 ’
31A 3.7 72.4 -3 | 534 | 528 -, 988 5.70 TN
31B 89.4 74.1 —.829 534 5.38 -1.007 5.98 o
31C 110.3 97.1 103.8 -.812 —. 869 +1.069 1.2 12.09 +1.079 5.4 5.60 !

1 32A 89.3 89.0 76.0 +.997 —.851 —.854 5.54 6.00 .} +1.100 6.23 5.32 .
32B 86.3 87.0 74.5 +1. 008 -—.863 —. 856 5. 54 6.39 +1.1583 6.04 | 517
-40A 56.0 45.5 —.812 437 | 801 | +LI144 4.10
40B 84.7 54.3 -, 641 —. 782 +1.220 18.12 18.70 | .+LG31 2.88 3.04 -
Average values.... 0.895 0.9261 LO28 | iiaeans
AvVerage error.cceceececccena- .0841 R 1. PO, :

1 E for dural sheet 10.0, dural tube and extruded section 10.4, steel 29.0.
tE

I by proportion from spar 11B.
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. 85. The unit used in Table 6 for the various EI values
is 1,000,000 pound-inch units. In the columns giving
the ratios of the EI values to each other, the decimal
point is in the natural location. In columns 11 and 12
the figure shown is the ratio of EI in millions of pound-
inch units to the weight in pounds.

36. The geometrical EI values about both axes of the
cross section were obtained by multiplying the values
of I given in Table 3 by the standard values of Young's
modulus for the materials in the chord members. For
this purpose the following values of E were used:
Duralumin sheet, 10,000,000 pounds per square inch;
extruded duralumin, 10,400,000 pounds per square
inch; and steel, 29,000,000 pounds per square inch.
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37. The effective EI values from the tests in simple
bending were obtained by measuring the deflections,
substituting the values obtained in the ordinary for-
mulas for the deflection of beams and solving for EI.
The procedure in the case of the EI values obtained
from the tests under combined axial and bending loads
was not so simple. The formulas for moments and
deflections under loading of the type used in the tests
are given in Serial Report 2744 ‘Precise Formulas for
Restrained Beams with Axial Load of Compression,
Equal End Moments, and Two Symmetrically Placed
Side Loads,” by A. S. Niles. The formula for the
deflection in the center of the span as given in that
report is—

o Mi—Wi sin%-
yu=—p| —— LW M

c(?s 53'

When M, is zero, L is 96 inches, a is 22.5 inches, and W
is 0.1P, this formula reduces to

*0.1j sin &5
YLa= 1l _295

COo8 7+
]

Where y is the deflection and j =‘/ E—ITI

38! As EI appears in this formula as part of a com-
plex trigonometric expression it is not possible to solve
directly for it when all of the other quantities are
known. In order to overcome this difficulty, the
formula for the special case being considered—in which
y appears as a function of j—was plotted as shown in
Figure 15. The use of this curve made it possible to
determine the value of j corresponding to any measured
deflection, and from there the computation of EI was
simple. No attempt was made to compute the effec-
tive EI values of the spars with camber or eccentric
application of the axial load.

39. The values of El,, were first computed from the
deflection corresponding to an axial load of about 5,000
pounds, as it was feared that if the deflection under a
larger load were used the EI value obtained would be
too low, as the observed deflection might include the
effects of some permanent deformation. This did not
prove satisfactory, however, as theoretical deflections
under axial loads of from 8,000 to 14,000 pounds com-
puted from the El,. values obtained in this way were
often greater than the observed deflections. This
result did not seem reasonable and it was finally decided
to accept as the El.. for each spar the largest value
justified by its deflection under an axial load of 5,000
pounds or more. -

40. In computing the El,, values from the observed
deflections it was necessary to know the zero error of
each load-deflection curve. To obtain this value,
which was also needed to correct the observed deflec-
tion at maximum load in computing unit stresses at
failure, the lower portion of the curve was extrapolated
as a flat curve from the central portion. Owing to the
difficulty of doing this with any certainty that the
location and curvature of the extrapolated portion of
the curve was chosen correctly, the extent of the zero
errors could not be determined with precision. In
some cases all of the observed deflections lay so close
to a well defined curve of the proper shape that the
error in El,,, as well as in deflection at maximum load
is very small. In others it may be quite appreciable
as it was difficult to decide whether to give more
weight to deflections observed under axial loads from
about 2,000 to about 6,000 pounds, or those under
loads of from about 8,000 to about 14,000 or 16,000
pounds. Unfortunately, the spars in which the
reader is probably most interested, like 20B, were
among those of the second class.
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41. This source of error is of little importance in
connection with the computations of maximum .unit
stresses, but was of considerable importance in the
El.. computations. Owing to it, it is not possible to
give as much weight as would be desirable to small
differences in El.. in comparing spars, particularly
those cases where the proper prolongation to zero of
the load-deflection curves was most uncertain. The
error involved, however, was not so great as to preclude
certain generalizations from being made with propriety.

42. Seven of the 49 spars tested showed values of
EI,, greater than E,I,,, but the average value of the
former quantity was 10.7 per cent less than the latter.
The average deviation from the. mean was a little
less than 9 per cent. In other words, on the average,
the effective EI of the spars tested was only 90 per
cent (more precisely 89.3 per cent) of the EI to be
obtained as the product of the standard E of the
material used and the moment of inertia of the section.
In any -given case, however, the probability would be
that the ratio of effective to geometric EI would vary
from the mean by about 9 per cent. This variation
in the ratio of effective to geometric EI was practically
constant for several types, but was quite erratic with
others. . }

43. From theoretical grounds it would seem that
on account of the shear deformation of continuous
webs, and the deformation of the web members of
trusses, that none of the spars could show a ratio of
effective to geometrical EI greater than unity, that the
extruded I sections would show ratios a little below
unity, followed rather closely by the plate girders and
boxes with continuous sheet webs, and at some distance
by the trusses. On the whole this order is followed,
but with some rather striking exceptions. One cause
that might operate in the cases of any of the types is
the possibility that the material actually used possessed
a higher Young’s modulus than the standard value
attributed to it. A similar possibility, particularly
where the cross section is made up of corrugations or
other irregular sections, is that the geometrical I com-
puted for the section is incorrect. The spars with
ratios over 1 and the corresponding ratios are the
following: 124, -1.016; 14B, 1.055; 14D, 1.192; 18B,
1.011; 234, 1.149; 23B, 1.119; and 32B, 1.008.

44. 12A is an extruded I beam 80 it should have a
high ratio. The value of E of its web material is
slightly lower (10.32) than the standard value, but the
curvature of the chords, the bulbs at the free edges of
the chords, and the fillets at the junctions of the chords
with the web made it difficult to compute the true

value of I. On the other hand, spar 12B which was.

extruded through the same die, and for which the same
value of I was used, showed a value of 10.5 for E, yet
the observed EI,; was only 95 per cent of the com-
puted value of E,I,;. The difference is hard to ex-
plain, unless the samples of web from which the values
of E shown in Table 2 were obtained were not truly
representative or the precision of the tests for El,.
much less than is believed to be the case, though the
necessity of working with low loads makes that pre-
cision less than is desirable.

45. Two spars of type 14 show values of EI,, greater
than their values of E,I¢,, 14B_and_14D. . In the case

of 14B, the E of the chords from Table 2 is suﬂicxently
greater than the standard value to explain most of the
difference, but not. great enough for the case of 14D.
In fact no satisfactory hypothesis has been developed
to account for the range of the ratio of EI,, to E olex
from 0.838 for 14A to 1.192 for 14D, . ... ‘.

46. Both spars of type 18 showed high ratlos, that
for 18A being slightly under and that for 18B salightly
over unity. As the value of I for 18B was determined
by proportion from that of 18A, and the latter was
obtained graphically, the high ratios may be due to
errors in computing I. Table 2 also indicates that the
material used had considerably higher values of Young f]
modulus than the standard value assumed. -

47. Both spars of type 23 showed very high ratlos
In their cases, the values of I were obtained graphically
from a figure that was an attempt at reconstructing
the original section after it had been injured in the
test. It seems most reasonable to believe that the
computed value of I, for these spars was too low.

_ 48. The spars of type 32 showed very high ratios in
spite of the fact that they were trusses. . In this case,
the most reasonable explanation seems to be that the
E of the steel used was nearer 30,000,000 than 29,-
000,000 and that the welded joints and the method of
joining the tension web members to the chords were
responsible for this result.

49. It is obvious that the effective EI value obtmned
for any given design will depend to some extent on the
character of the loading used in obtaining the deflec-
tions from which EI is computed. 1t is only reason-
able, therefore, to expect that the values of El,, will
differ from the values of EI,;, but it might reasonably
be expected that the ratio of El.: to El,x would be
approximately constant. The actual values of these
effective EI quantities do differ, and it is of interest
that the average ratio of El..: to E.I.x is somewhat
greater than the average ratio of El.. to E.,., the
figures being 0.926 and 0.893, respectively. ' The aver-
age deviation from the mean for the ratio El., to
E.I,, is slightly smaller than the corresponding quan-
tity for the other ratio, being 0.0841 against 0.0874.
Generally speaking, the two ratios for the various spars
change in about the same manner, but the correlation
is not very close. - Eight spars show ratios of El., to
E.I,. greater than unity, but only three of these, 14B,
23A, and 23B, are spars that have such ratios of El,,
to EJex.  The eight spars with their ratios are: 10B,
1.056; 10C, 1.009; 144, 1.057; 14B, 1.019; 16B, 1.044;
16E, 1.052; 234, 1.230; and 23B, 1.223. BT

50. 10B and lOC are boxes, and in the case of lOB
at least, the E of the material is considerably higher
than the standard value. 14A and 14B are plate
girders. Interestingly enough, 14A showed the lowest
ratio of El,, to E,I,, of the four plate girders, but is
the highest with respect to Eln.. 16B and 16E are
duralumin channel trusses and should not show par-
ticularly high ratios, but they do nevertheless.

51. The writer has been unable to obtain any satis-
factory hypothesis for the relations between the El..
and El., values. Table 6 shows the ratio of the latter
to the former for each of the spars. The average value
of this ratio is 1.028 and the average deviation from the
mean, 0.0924. In most cases the effective EI obtained
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from simple bending is less than that obtained from the
test under combined load.

52. In most of the spars the agreement between
E,I. and EI,, was very close, more than half of the
values in column 10 of Table 6 falling between 0.95
and 1.05, indicating that in most cases the lateral stiff-
pess of the spars can be computed from the sectional
dimensions with an error of less than 5 per cent. When
the data of this column is plotted in the form of a fre-
quency curve, they show a well defined mode, for the
number of tests available, between 1.02 and 1.03.
The value of 1.02 is in very close agreement with the
arithmetic mean value of 1.017, though this is largely
accidental.

at the corners of the chord members. Type 23 also
showed high ratios, due probably to errors in computing
the geometric I. These spars, it may be remembered,
also showed ratios of EI,, and El.: to EJ;, greater
than unity. The reason for the high values shown by
the spars of types 32 and 40 is not known unless it was
due to the neglect of webs in computing the value of
I or error involved in assuming the chord members to
be true ellipses.

54. The assumed values for E, were conservatlve,
and this probably accounts for the modal value of the
ratio being slightly above 1. If the actual values of
E had been known and used instead of E, the proba-
bility is that the modal value would have been slightly
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'$3. Some of the types showed a well defined ten-
dency to have lower values of the ratio of EI,, to E,I,
than 0.95, and other types showed a similar tendency
to show higher values than 1.05. Both spars of type
18 and both of type 19 showed low ratios. In the case
of type 18 this may have been due to errors in comput-
ing the moment of inertia of the irregular sections
used. In the case of type 19 it was almost certainly
due to the light connecting members between the two
main tubes of the compression chord. Two of the spars

- of type 21 and one of type 10 also showed low ratios,

but these are balanced by the normal ratios shown by
the other spars of these types. All four spars of type
14 showed high ratios, due probably to higher than
normal values for E of the material actually used and

to errors.in computing the geometric I due to the bulbs

below 1. That the modal value is so near to 1 is due
to the fact that the geometric I about the major axis
of the spar is made up almost entirely of the moments
of inertia of integral chord members like channels, the
cover plates of boxes, or elliptical tubes, and the lateral
stiffness of these members is not affected by any joints.
The only type in which the compression chord is made
up of two members connected by what could be con-
sidered a light web is type 19, and as remarked above,
both of these spars showed very low ratios of EI,, to
EJ,y.

55. Just what the factors are which determine the
relationship between the various values of effective
EI would make an interesting study, but the data
available at present is not sufficient to warrant goirg
further into this subject in this report.

[
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56. The values of effective EI divided by the weight
in the last two columns of Table 6 are measures of the
efficiency of the location of the material in the spars
in regard to obtaining stiffness. One would expect
that the more efficiently the material was located for
the production of stiffness, the less the deflections and
secondary bending momeénts would be and the greater
the strength-weight ratio. The figures of EI divided
by weight are plotted against strength-weight ratio
in Figures 16 and 17. In Figure 16 EI,, is used,
and the figure seems to indicate that there is a tend-
ency, though none too well defined, to obtain the
result mentioned above.

At the point where the proportlonal limit of the
material is reached, the slope of the curve decreases,
the curve thus diverging from the straight line. Below
the proportional limit, if the load is removed, the def-
ormation will return to zero. If the proportional
limit has been passed before the load is removed,
the deformation will not return to zero, but the test
piece will show a residual deformation called the
permanent set. That part of the deformation which
disappears when the load is removed may be called
the elastic deformation, while the part which will not
disappear because the material has been permanently
changed in shape, may be called the plastic deforma-
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However, close study of the figure will show that
when the spars of each type are connected together
the rule fails to hold for more types than these to which
it applies. In Figure 17, which is based on El.., the
points are more scattered, and one could use the figure
to prove the opposite result as well as the one expected.
The magnitude of the possible differences in secondary
bending moments is evidently too small in comparison
with the total bending for the efficiency of location of
material to provide stiffness to have much effect on
the strength-weight ratio.

PLASTIC DEFORMATION
57. If a load-deformation curve is plotted for a

gimple beam subjected to side or bending loads only,
the lower part of the curvg will be a straight line.
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tion. In practice, the elastic deformation under a
given load is the abscissa to the straight-line portion
of the load-deformation curve, extended, if necessary,
at the ordinate corresponding to the load in ques-
tion. The remainder of the abscissa to the actual
load-deformation curve wnll represent the plastic
deformatxon.

58. In the case of beams sub]ected to combined axial
and bending loads, the division of deflection between
elastic and plastic deformation can not be obtained in
just this manner, though the underlying theory is
identical. For this case, the straight-line portion of the
load-deformation curve is replaced by a load-deflection
curve obtained by plotting the precise formula used in
computing El.., as a load-deflection curve. To do this,
a value of EI of the beam ‘ig'_negdegl, and Elg,is con-
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gidered the most appropriate one available for the pur-
pose. After the curve of elastic deflection has been
plotted, the differences in the deflections shown by it and
those observed can be considered the plastic deflection.

59. If the actual load-deflection curves for the spars
tested are plotted beside the.theoretical load-deflection
curves obtained from the use of the formula for the
loading used and Elm: it will be seen that the spars
fall into two groups between which there is no sharp
dividing line. In the first group the curve of observed
deflections remains close to the tl_leoretical curve until
the maximum load is reached, when it stops short,
indicating a sudden failure of the spar. In the second
group, the two curves diverge at a lower load, and are
quite far apart when the maximum load is reached.
In some cases, the curve of observed deflections rises
to s maximum and then drops, collapse of the spar
occurring at a lower load than the maximum.

60. Spars with load-deflection curves of the first
type may be said to have failed suddenly and to be
lacking in toughness, while spars with the second type
of curve may be said to fail gradually and to possess
toughness. It is realized that the use of the word
toughness in this sense is open to criticism, but it is

expressive of the impressions produced by the two
types of spar and will be used in this report with the
meaning indicated above: As is only to be expected
from the varied natures of the spars tested, there is no
sharp dividing line between those which lack and those
which possess toughness. ’ : ) '
61. Table 7 gives data from which a study of the
relative toughness of the spars tested can be made.
This table gives the computed and observed deflections
under maximum load, 0.8 maximum load, and 0.6
maximum load for the 44 metal spars tested under
design conditions, and also those tested with addi-
tional lateral support. The computed deflections
were based upon the value of Eln. given in Table 6.
The ratio of the observed deflection to the computed
deflection is given in each case. The value of this
ratio minus unity may be considered to represent the
ratio of the plastic deformation to the elastic, and is
nearly always positive. In the few cases where it is
negative, the value is less than 1 per cent, which is
within the precision of the computations, and in all
such cases, the result may be interpreted to mean that
the plastic deformation was either zero or too small to

make its presence evident.

TABLE 7.—Study of plastic deflection

At maximum load At 0.8 maximum load At 0.6 maximum load
Sper | 5, & | dos. % % Bolse X I Solto
1 2 3 4 5 8 7 8 9 10
10A 0.701 | 0.669 1.048 | 0.510 | 0.507 1.005 0.363 | 0.363 | 1.000
10B .950 624 1.523 545 474 1.149 .358 341 1. 050
10C . 700 .478 1.470 . 412 .368 1,120 .278 . 267 1.041
10D . 661 . 550 1201 .431 .423 1.019 .304 . 308 994
10E .760 . 628 1.214 . 490 .478 1.030 .344 .343 1.002
11A 1,450 1.032 1.405 .810 .762 1,083 . 550 537 1.024
11B 1.670 L.040 1. 6068 .807 .765 1,055 . 837 . 538 .908
12A . 630 .538 1.170 .420 .413 1.016 .209 . 209 1. 000
12B .800 602 1.158 .532 .525 1.013 .374 .37 1.008
13A .611 . 581 1,051 J445 .43 1.004 .319 .320 997
.13B .800 .673 1189 .515 . 507 1.015 .363 .365 . 995
14A . 510 442 1154 .356 . 344 1.035 . 252 « 250 1,008
14B .79 . 593 1.212 . 457 .450 1015 .326 .326 1.000
14C .800 . 657 1.217 .500 . 497 1. 008 .363 .358 1.014
14D . 850 . 522 1245 |- .408 .402 1.015 . 202 .292 1,000
15A . 985 .713 1.381 548 . 538 L018 .382 .385 . 992
16A . 960 . 661 1.452 .510 .499 1.021 .350 .359 1.000
16B 1. 000 479 2.089 . 405 .370 1095 .270 270 1.000
16C 1,085 . 531 2.042 .431 .408 1. 056 . 205 . 295 1. 000
16D 1.150 .403 2.331 .403 .381 1.057 .219 217 1,007
16E 1.280 495 2. 587 .418 . 382 1.094 .282 .218 1,015
16F .665 . 561 1.185 . 505 .430 1,174 .3685 .310 LITT
186G 1180 571 2.068 477 .438 1,089 .325 1318 1.029
16H 1.073 . 598 1.795 . 487 455 1070 .333 .328 L015
17A 1.014 .838 1.210 645 .6835 1.015 .450 447 1. 006
17B 1,000 843 1.185 .638 .638 1. 000 454 . 449 1.011
18A . 950 .730 1.301 572 .554 1.032 .395 .398 . 998
18B 1.015 .783 1.348 .6822 .574 1.083 .412 407 1.012
20A 1.172 12 1.611 .556 L350 1.010 . 304 .304 1000
20B 1.195 .882 1.355 .875 . 663 1.018 .467 .466 1,002
21A . 860 . 662 1,299 .499 . 501 . 996 . 3685 .361 1.011
21B 1.200 .627 2.058 .633 .475 1.333 423 . 341 1 240
21C 845 . 600 1.408 .488 455 1,068 .333 . 330 1010
21D 1.005 .670 1, 500 . 560 . 505 1.109 .370 .363 1,020
22A. .900 .838 1074 .633 .835 .997 .455 447 1018
2B L1750 .833 2.100 ,859 .634 1.355 .450 .446 1.010
2ZA 1.010 . 746 1.354 . 587 . 566 1.037 .405 .403 1,005
2B . 900 ;gﬂ . 1270 . 539 . 536 1.005 . 381 .382 . 998
30A .936 .751 1.246 . 500 . 569 1.037 .418 . 406 1. 025
30B .713 .817° 1.155 .481 .468 1.028 .339 .338 1003
31C . 880 .643 . 1,369 .492 .485 1.015 .350 .350 1.000
324 1,070 . 695 1.540 .548 .525 1.044 .377 377 1.000
32B L110 .838 1.325 662 .635 1042 .450 446 1,010
40B 1.813 .803 2.030 .8153 .673 1211 .401 472 1.040
Total. .o ermcacenad| 44.785
PN o)V I— 10178
Average excluding
186F and 21B_..... 1, 0087
ode...... 1. 00-1. 01
Median.__.__.._..... 1.01
Median first 3d. ... 1.00
Median second 3d... 1.01

So=observed deflection.

$.=computed deflection.
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The observed deflections listed in the second column
of Table 7 are in some cases different from those given
in Table 1; the former are the corrected deflections,
obtdined by correcting the deflection curve for zero
error. This was done by prolonging the lower portions
of the deflection curve down to the axis of abscissas,
and then shifting the entire curve so that it passed
through the origin. In this way, an attempt was made
to correct the zero error due to possible slackness of
the cord from the spar to the deflectometer, and the
fact that the dial was set at zero when the true axial
load on the spar was not zero, but from 100 to 312.5
pounds. The precision of this correction is none too
good in many cases, as it was difficult to determine the

proper shape for the lower part of the load-deflection.

curves. A further error was also introduced in some
cases by the fact that the spar failed too suddenly to

. permit the deflection at maximum load to be read or

the load deflection curve was so flat that it was difficult
to determine the deflection at which maximum load
was reached. .

62. Study of Table 7 brings out some very interesting
facts. At 0.6 maximum load, only two spars, 16F and
21B show plastic deflections greater than 5 per cent of
the elastic deflectiong, and in both of these cases the
figures are open to question. The El, value used for
spar 16F was derived from the first test, while the ob-
served deflections were taken from the second test. If
the EI used had been the higher value taken from the
second test, the plastic deformation would have been
as small as in the other cases. In the case of spar 21B,
the EI value used was derived from the deflection under
a rather low load, and it is thought that it is unduly
high, though this can not be proved. If these two
spars be omitted from consideration, the average
plastic deformation of the remaining 42 spars is only

"0.87 of 1 per cent of the elastic deflection, and even if

they are included, the average is raised to only 1.78
per cent. Thirty-seven of the 44 spars showed less
than 3 per cent plastic deflection. It may be safely
said, then, that at 0.6 maximum load, the plastic
deflection is in general negligible.

63. At 0.8 maximum load the plastic deflection has
increased, the average being 6.06 per cent of the
elastic deflection if all spars are included, and only 5.14
per cent if the two doubtful cases be neglected, On
the whole, however, the plastic deflectior: is still low,
it being 3.3 per cent or less in half of the spars tested.
The minimum value is minus 0.4 per cent which may
be considered as zero and the maximum 35.5 per cent

- for spar 22B. The mean value is considerably higher

than the median as there were several spars with con-
siderable amounts of plastic deflection, while those
which had none could not bring down the average very
far. At this load it may be said that while the average
plastic deflection is still small, and in many cases zero
or negligible, in several cases it is quite appreciable.
64. At maximum load the plartic deflection ranges
from a minimum of 4.8 per cent for spar 10A to 158.7
per cent for spar 16E. The mean value is about 46
per cent and the median 35 per cent. These figures
show the great differences in plastic deformation that
were met with and illustrate the difference in action

between the spars which lacked and those which pos-
sessed toughness. On the whole, the spars with single
thin webs like types 12, 13, 14, and 23 showed them-
selves to be lacking in toughness, while boxes snd
channel trusses, like types 10, 16, 21, and 22, usually
possessed this quality, though there are several ex-
ceptions to this generalization.

65. It is the belief of the writer that the possession
of toughness is a very desirable quality in an airplane
spar a8 it will be deformed to a noticeable extent before
it fails, the incipient failure may be seen, and the
member reinforced. With spars of the other type,
failure is likely to be sudden and without warning.
This difference in type of failure was quite noticeable
in the tests, some spars failing almost without warning,
the only indication of impending failure being that the
deflection was increasing rapidly, and even this could
not have been seen unless it had been for the constant
scrutiny of the deflectometer by one of the test observers.
In other cases, although the deflection readings and
the slow increase of load indicated that the maximum
load was being approached, it took some time before
the axial load began to decrease or a local compression
or other failure caused the spar to collapse. .

66. Comparison of the relative toughnesses of th
spars and their types of construction indicates that
inherent strength against torsion is necessary for,
though not an absolute guarantee of toughness.

UNIT STRESSES

67. One of the most important quantities to be
determined in the study of tests like those made in this
study, is the maximum unit stress developed in the
tests by each spar. In practice it is impossible to
determine the true maximum stresses developed as
many of the spars were stressed beyond their elastic
limits. For purposes of study, however, this fact is
neglected and the stresses computed upon the assump-
tion that the material retained perfect elasticity up to
failure. This assumption makes it possible to obtain
a unit stress value which, though not the true unit
stress is comparable to the modulus of rupture, and
can be used in the same manner.

" 68. There are two of these moduli that are of special
interest. The first is that obtained from the ordinary
formula for a beam subjected to combined axial and
bending loads: P M
f=xt71

In applying this formula, it i# necessary to take into
account the secondary bending due to the axial load
multiplied by the deflection, the latter quantity being
that measured in the test. This value is referred to in
this report as the maximum unit stress at failure. The
second value of this moduli is obtained by considering
the beam as a truss, at least in so far as its resistance to
bending is concerned. To obtain this value, the axial
load is divided between the chords and web in propor-
tion to their sectional areas. The moment is then
divided by the eﬂ'ective:depth:of the spar to determine
the_load in_each chord_due_to bending. These chord
loads due to*bending;are_added algebraically to the
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chord loads due to the axial load to determine the total
chord load, and the sum divided by the area <?f the
chord. This procedure gives the average stress in the
chords. For the compression chord, this result can be
obtained by the use of the formula,

P M
f=3xtan

where A, is the area of the compression chord and h
the effective depth of the spar.

69. Table 8 gives the computations of these quan-
tities for all of the metal spars tested. The deflections
listed in column 6 of this table are the corrected de-
flections that are given in column 2 of Table 6; these
values are subject to various errors as was explained
in paragraph 61, but these errors are of little importance
in the computation of unit stress at failure. The
change in this unit stress due to as much as 0.1 inch
error in deflection is not as great as the probable error
due to other causes. So far as use in design is con-
cerned, it is less than the uncertainties regarding form
factor and variation in the physical properties of the
materials used. In the intensive study of various
types of construction, it may become more important
to use accurate deflection data to compute unit stresses,
but that stage has not yet been reached in this study.

70. For making the computations of bending
morment, advantage was taken of the fact that as each
of the side loads was equal to one-tenth of the axial
load, and they were applied at a distance of 22.5 inches
from the ends of the spar, the total moment at the
center of the spar could be obtained by multiplying
the axial load at failure by the observed deflection at
failure plus 2.25 inches. In the cases of the five metal
spars tested with eccentrically applied loads, the
eccentricity of the application of load was allowed for
by modifying the figure used for the deflection as
shown in Table 8a.

71. Some engineers have tried to use the unit
stress developed as a measure of merit for comparing

spars, but the results in Table 8 show that this can not
be done. 8o far as the spars of any one type are con-
cerned, it is true that the strength-weight ratios and
maximum unit stresses developed vary in about the
same proportion. This, however, is not at all neces-
sarily true as between spars of different types, as”one
type may have the material so effectively located that
it will not be highly stressed until the beam is carrying
a heavy load, while the other may be just as highly
stressed under a small load. For example, spar 11B
was subjected to a stress of 43,455 pounds per square
inch when the axial load was only 16,250 pounds, while
spar 20B was stressed to only 42,520 pounds per square
inch when the external load was 23,510 pounds. The
comparison of the unit stresses for these two types
alone should demonstrate the futility of trying to
rate designs by the unit stresses developed, though
plenty of similar examples could be obtained from the
data of Table 8.

72. The chief use of the unit stress values to the
designer is to permit him to design a structure that will
have the required strength without an excessive reserve.
For this purpose, he is not so much interested in the
unit stress computed after the test, using the observed
deflection just before failure, as in the unit stress he
must not exceed in his computations, the deflection
used being also that which he computes from the
properties of the spar section. In designing a spar
for the loading used in these tests, or any similar load-
ing, the designer would have to decide whether to use
the beam formula f+4P/A -+ M.,/I, or the truss formula
f=P/A+M/Ah. In either case, the designer will
have to proceed by trial, selecting a trial section and
then computing the unit stresses involved and com-
paring ‘them with the allowable values. When he
has selected the dimensions of the section of his trial
design, he knows the values of P, A, A,, I, and h, or
can compute them from the dimensions chosen. The
value of M is not known as it depends in part on the
properties of the spar section selected.
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TaBLE 8.—Unit streszes at failure

Spar | Ult. load Meas- M P Mec, M P M
D P A P/A | wreqs | 8H225 M oI el =t T.| A y Wil e
1 2 3 4 § [ 7 8 9 10 11 12 13
10A 19,375 | 1.471 | 13,170 | 0.701 | 2.951 | 57,180 | 0.3404 | 19,440 32,610 | 1.925
10B 20,185 | 1.471 | 13,710 .950 | 3.200 | 64,502 L3403 | 21,060 35670 | 1.925
10C 15, 900 1,409 1, 700 2.950 48, 905 . 3307 15, 500 780 2. 200
10D | 17,010 | 1.400 | 12,060 .661 | 2.911 | 49,516 L3307 | 16,350 410 { 2200
10E 18,790 | 1.135 | 14,790 .760 | 3.010 | 50,538 .3371 | 17,020 31,810 | 2200
11A 15, 1.228 | 12,910 | 1.450 | 3.700 | 58, 680 L4747 | 27,860 40,770 | 2.762
11B 16,250 | 1.228 | 13,230 | 1.670 | 3.920 | 63 700 4747 | 30,225 43,455 | 2762
124 15,875 | 1.700 9, 2.880 | 45,720 .3323 | 15,200 U, 540
12B 19,240 | 1.700 | 11,320 .800 | 3.050 | 58,682 .3323 | 19,510 30, 830
13A | 14,375 | 1.600 8, 985 .611 | 2861 | 41,127 .3789 | 15,585 U, 570
13B 16,425 | 1.600 | 10,265 .800 | 3.050 | 50,006 .3789 | 18,985 29, 250
MA | 15500 | 1.254 | 12,360 L810 | 2760 | 42,780 . 14,800 27,250 | 2965 | 14,440 26, 800
14B 18, 500 1.214 15,240 .719 2.969 84,927 L3571 19, 600 3,840 2.8 18, 980 34,220
14C 22,100 1.516 4, 580 . 800 3.050 67, 405 2877 19, 300 33,970 3.683 18, 205 32 875
14D | 19,600 | 1.477 | 13,330 .650 | 2900 | 57,101 | .2925 | 16,695 30,025 | 3.624 | 15770 29, 100
15A 19, 1.160 16, 630 .985 3.5 62,403 |[* 22,470 39, 100 3.220 19,370 38, 000
16A 18, 500 1.261 14, 660 . 960 3.210 59, 385 3147 18, 33,350 3. 505 8, 950 31,610
16B 18, 050 1. 247 14, 480 1.000 3.250 58, 700 3067 17,990 32,470 3. 852 186, 510 30, 990
16C 18,750 1.350 13, 800 1.085 3.335 62, 630 2802 18,080 31,970 3. 800 6, 450 30, 340
16D 14,850 1173 12,650 1.150 3. 400 50, 500 . 2840 14, 340 26, 990 4.059 12, 440 25, 000
16E 14, 960 1.168 12,830 1. 280 3.530 52, 850 . 2783 14,720 27, 550 4.328 12,210 25,040
16F 16, 740 1.188 14, 000 . 665 2.915 48, 800 . 3075 15, 000 20, 090 3.473 14,040 28,130
16G 20,1 1.355 14,870 1.180 3.430 69, 110 . 2920 20, 180 35,050 | 3.785 18, 260 33,130
16H 19,900 1.386 14,350 1.073 3.3 66, 130 . 2850 18, 33, 200 3.878 17, 050 31, 400
17A 18,170 1. 000 16,170 1014 3.284 52,779 4684 24,610 40, 780 2.570 20,520 | 36,690
17B 15, 1.000 15, 1. 000 3.250 49,725 4950 24,610 39,010 2 498 19, 900 35, 200
18A 15,320 1.319 11,615 950 3.200 49,024 . 4380 21,470 33,085 1.653 29, 605 41, 280
18B 19,050 1. 43¢ 13, 1015 3.285 62, 198 .3870 2,070 37,355 2.200 28,275 41, 360
19A 14, 580 L1772 18,890 |[1-. 801 1.359 19,810 5130 10, 160 29, 050 2.520 7,860 26, 750
19B 18, 440 .782 , 580 (1. 942 1,308 %, 120 . 5400 13,020 386, 600 2, 590 9,310 32,890
20A 10,740 | 1.420 | 13,900 | 1.172 | 3.422 | 67,550 23025 | 20,425 34,325 | 3.875 | 17,430 31,330 B
20B 23,510 | 1350 | 17,420 | 1.195 | 3.445 | 80,990 3009 | 25100 42,520 | 3.667 , 39, 510
21A | 20,180 } 1.589 | 12,700 .860 | 3.110 | 62,760 .2516 | 15, 28,490 | 3.807 | 16,490 29, 100
2iB 20, 980 1. 496 1 1.200 3. 540 74,270 . 2657 19,750 33,770 3. 660 , 200 34,310
21C 20, 450 1. 496 13,670 845 3.005 63, 290 .« 2657 16,820 30, 490 3. 660 17,290 30, 060
21D | 21,920 | 1.406 | 14,650 | 1.005 | 3.255 | 71,350 L2657 | 18,970 33,620 | 3.660 | 10,490 34, 140
224 18,450 | 1,127 | 16,370 900 | 3.150 | 28,118 L2827 | 16,425 32,705 | 3.930 | 14,750 31,1
2B 19, 800 1.219 16, 240 1.750 4, 000 , 200 . 2851 22, 580 38, 820 3.817 20, 760 37,000
A 17, 580 1. 240 14, 180 1.010 3.260 87,3680 . 5270 30, 220 44,410 2.190 26, 180 40, 360
2B 15,760 | 1.061 4, 3.150 | 49,680 8584 1 27,720 42,570 | 2100 | 22,670 37,520
30A 20, 418 ), 936 3.188 66, 260 . 8840 88, 650 108, 650 1.208 , 800 104,
308 17,230 .418 | 41,500 713 | 29063 | 51,052 .8840 | 45,150 86,650 | 1.208 | 42,200 83, 700
31A 14,125 409 | 30,120 ( 1,200 | 2.450 | 34,720 L8445 | 29,320 59,440 | 1.464 | 23,710 83,
31B 16, 700 .469 | 35,610 | 1,513 | 2,763 | 46,190 .8684¢ | 40,100 75,710 | 1.428 | 32,310 67,920
31C 120 .857 33,700 880 3.130 69, 240 . 6447 44, 640 78, 340 1.088 , 830 68,
32A 17,250 . 459 37, 580 1070 3.320 87,270 9178 52, 600 90, 180 1.338 42,810 80, 390
328 19, 660 450 42,830 1.110 3,360 66, 058 . 61, 870 104, 700 1.315 ), 93, 070
40A 15,270 .835 18,300 | 1.527 2777 42, 400 4473 18, 960 37,260 2.882 14,710 33,010
4B 18,300 1.497 12,220 1813 4.063 74, 400 . 3355 4,950 37,170 4. 300 17, 300 29, 520

1 Corrected for eccentric application of load. See Table 8a.

TaBrLe 8a.—Compulation of mnet deflections—eccen-
trically loaded spars

Spar 3 [ Camber 8

194 0.750 | 0.891 0.750 —0.891
845 1.037 760 -. 042

31A . 608 .309 . 200
31B . 900 .387 .513
40A 1.270 .743 527

8o=0bserved deflection at failure.
e = Eccentricity of axial loading.
3 =Eflective deflection=48,—e—camber.

73. The primary moment is known, but the de-
signer must compute the secondary moment which is
the product of the axial load and the deflection. As
the axial load is known, the difficulty comes in com-
puting the latter. No satisfactory method has yet
been developed for computing the deflection of & truss
under combined axial and bending loads, but such a
method has been worked out for beams, and is dis-
cussed in Chapter II of ‘“Airplane Design.” In this
study, it was decided to treat the trusses as though
they were beams, using the beam formulas. This
made it necessary to decide upon the values of EI to
be used. In the discussion above on the stiffness of

the spars, three values of EI were considered; E,I,,
determined from the dimensions of the cross-section
and the standard value of E for the material; EI,, de-
termined from a test in simple bending; and El,
determined from the test under combined bending and
axial loads. In working out new designs, the designer
would tend to use E.,I,., but the results of the tests
made to date indicate that it would be better if he
should modify that value in order to approach more
closely the true effective EI for his spar. At present,
it is not practicable to state how this should be done
in all cases, but for the purpose of studying the test
results, it was considered better to compute the deflec-
tions with one of the effective EI values determined
by test. While the EIl,, values can be accurately de-
termined as the lower portions of the load deflection
curves under simple bending loads are straight lines,
the El, values are somewhat unreliable owing to the
curvature of the lower part of the load deflection curve
and the consequent difficulty in determining the zero
error. Because of this, and the fact that the designer
developing a new type of spar is more likely to be able
to make tests in simple bending than under combined
load, the values of EI., were chosen for use in the unit
stress computations. A further reason for using these

——
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values was that they had been computed for the spars
with eccentric application of the axial load while the
El.. values for these spars had not been computed.

74. Table 9 gives the computations of unit stress at
maximum load which might be called the predictable
unit stresses as they are based on the computed de-
flection corresponding to the EI value determined in a
preliminary test. It might be said that unit stresses
computed in this manner were of little value in inter-
preting the tests, as they are not based upon the actual
deflections and are therefore obviously incorrect.
That they are not the true average and maximum unit
stresses at maximum load is admitted, but they are
the kind of stresses which must be specified for use in
new designs until some one develops a method of
computing unit stresses and deflections beyond the
proportional limit. Thus for the purpose of selecting
a value for the allowable unit stress for use in design
the unit stresses of Table 9 are of much more value
than those of Table 8.

75. The results listed in Tables 8 and 9 show that
the maximum unit stresses developed in the duralumin
spars varied from about 24,000 to about 44,000 pounds
per square inch and the variation in the case of the steel

TaBLE 9.—Unil

spars was even greater, due to the differences in heat-
treatment and chemical characteristics of the steels
used. It is evident from a study of these tables that
it is not possible to derive general rules at the present
time for the design of metal spars, but that special
rules must be developed for each general type. In
the following pages this will be done so far as possible
for the duralumin box and duralumin channel truss
types, as they are the only ones showing sufficiently
high strength-weight ratios and of which enough spars
have been tested to make the attempt worth while.
No study of this type would be justified for the dumb-
bell, hourglass, and I-bcam types in duralumin or the
steel channel truss type, until more spars of these
types have been tested and better results have been
obtained. These types show promise of successful
development, but until they fulfill this promise, they
need not be studied intensively. Certainly no intensive
study of the types which showed up poorly with the
object of developing rulesfor design would be warranted.
In addition to this study of the two best types with
the object of developing design rules, the group of spars
as a whole will be studied with the object of generalizing
of the effects_of various points of detailed design.

stress at failure

EI =P Me. M =P, M

Spar P P/A 506 § é M cd/I Mcd/I |t e Ach e f itxE

1 2 3 4 5 6 7 8 ] 10 11 12 13
10A 18,375 13,170 75, 200 62.3 0.818 59, 400 0. 3404 20, 220 33,390 1,925 30, 830 44, 000
10B 20, 185 13,710 91, 200 67.2 .672 980 . 3404 20,075 33,785 1.925 30, 640 4, 350
10C 15, 900 11, 280 86, 600 73.8 .534 44,270 .3307 14, 620 3 2.200 20, 100 31,400
10D 17,010 12, 060 88, 200 72.0 « 567 47,920 . 3307 15, 830 27, 890 2,200 21,760 33,820
10E , 790 14,700 90, 600 73.5 . 540 46, 840 .3371 15,770 , 560 2. 200 21, 290 36, 080
1A 115, 860 12,910 53, 400 58.0 . 995 51,470 L4747 24,430 37,340 2.762 18, 630 31, 540
11B 16, 250 13, 30 54, 600 58.0 .995 52, 730 . 4747 25,020 , 250 2.762 19, 080 32,310
124 15,875 340 89,000 | 74.9 L5168 | 43,010 3323 | 14,600 23, 940
128 19, 240 11,320 83,450 65.9 L1707 , .3323 18, 910 30, 230
13A 14,375 8, 985 72, 800 7.2 .583 40,720 . 3789 15,430 24,415
13B 186, 425 0, 265 76, 000 68.0 .653 47, 680 .3789 , 085 , 330
4A 15, 500 12,360 78, 300 71.1 .585 43,940 . 3480 15, 290 , 650 2.965 14, 830 27,190
14B 18, 500 15, 240 96, 000 72.0 . 567 52,120 .3571 18, 600 33,840 2.804 18, 000 33,240
14C 22,100 4, 580 106, 700 89.5 .620 63, 430 2877 18,250 32,830 3.683 17,220 31,800
14D 19, 600 13,330 133, 500 82.4 .413 52,430 . 2025 15,340 28, 670 3.624 14,470 , 800
15A , 200 16, 630 81, 100 04.8 .735 57, 640 . 3600 20, 750 37,380 3.220 7, 900 34, 530
16A 18, 500 4, 680 77, 500 64.7 . 741 , 330 . 3147 17,410 32,070 3. 505 15,790 30, 450
16B 18, 050 14,480 83,700 68.1 .649 52,330 . 3067 16, 050 530 3.552 14, 730 29,210
16C 18,750 13,890 87,100 68.2 . 849 54, 350 . 2892 15,720 29,610 3. 800 y 28, 190
16D 14, 850 12, 650 79, 900 73.4 . 540 41,440 . 2840 11,770 2,420 4.059 10,210 22,
186E 14, 960 12,830 72,300 69.5 .817 42,890 . 2783 1,940 2,770 4.326 , 910 22,740
18F 16,740 14, 000 78,000 68.2 .649 48, 530 . 3075 14,920 29,010 3.473 13,970 28, 060
16G 20, 150 14,870 84, 600 64.8 . 735 60, 150 . 2920 17, 560 32,430 3.785 , 800 30,760
16 9, 900 14, 350 87, 400 66.2 . 607 58, 650 . 2850 16,720 31,070 3.878 15,120 29,470
17A 16,170 16,170 60, 650 61.2 .857 -| 50,240 . 4664 , 420 39, 590 2.570 19, 560 35,730
17B y 15, 300 ‘61,300 63.3 .783 , 405 . 4950 22,980 , 280 2.498 18, 580 3
18A 15,320 11,615 69, 800 67.5 . 666 44,673 . 4380 19, 550 31, 165 1.653 , 000 38,675
18B 9, 050 13,285 80, 100 64.8 .735 58, 920 .3870 22,010 35,205 2.200 25,885 39,170
10A-2 4, 580 18, 890 33,2 47.8 * 23,770 . 5130 12,190 31,080 2.520 9,433 , 323
19B 18,440 , 580 31,420 41.3 ) 37,390 . 5400 , 190 43,770 2. 590 14,440 38,020
20A 19,740 13, 900 , 500 69.0 .830 56, 850 . 3025 17,200 , 100 3.875 14,670 28, 570
20B 23, 510 17,420 91,400 62. 4 .813 72,010 . 3009 22,320 39, 740 3.667 19, 640 37,060
21A , 180 12, 7 , 400 68.0 . 668 58, 890 . 2516 14, 820 , 520 3.807 15,470 28,170
21B 20, 980 14,025 87,400 64.5 .748 62,900 . 2657 16,720 30, 745 3. 660 17,175 31, 200
21C 20, 450 13, 670 100, 100 69.9 808 58, 450 . 2657 15, 520 29, 190 3.660 15,970 29, 640
21D 21,920 14, 650 97, 66.7 .684 64,310 . 2657 17, 100 31, 750 3. 660 17,570 32,220
22A-2 18, 450 16,370 74,350 63.5 779 55, 890 . 2827 15, 800 32,170 3.939 , 190 ), 560
22B , 800 16, 240 82, 900 64.7 . 742 59, 240 . 2851 16, 860 33,130 3.817 15, 510 31,750
LA 17, 580 14, 180 68, 100 62.2 .816 , 990 . 5270 28,450 42, 630 2.190 , 650 38, §30
2B-2 15, 760 14, 850 82, 7 63.1 .789 47, 900 . 5584 26, 750 41, 600 2,19 21,870 36, 720
30A ), 800 , 000 89, 000 65.4 .721 61, 800 . 8840 54, 104, 630 1. 208 51, 160 101, 160
30B 17,230 41, 500 93, 100 73.5 . 540 48,070 . 8840 42,490 83,990 1.208 38, 790 ,
31A 14,125 30,120 72,400 71.6 ® 32,690 . 8445 27,610 57,730 1.464 22,330 52, 450
31B 16,700 | 35,610 74,100 | 66.6 @) 40, 460 .8684 | 35,140 70,750 | 1.428 | 28,330 63,
31C-2 120 33,700 97, 100 66.3 . 695 65, 140 . 6447 42, 000 75,7 1.988 32,770 66,470
32A-2 17,250 37, 580 9, 000 71.8 568 48, 610 .9178 44,670 82, 250 1,338 38,330 73,910
32B 19, 660 42,830 87, 000 66.5 . 693 A . 9366 54, 200 97, 030 1.315 , 000 86, 830
40A 15, 270 18, 300 45, 500 5.6 (O] 34, 510 4473 15, 440 33,740 2.882 11,980 30, 280
40B 18, 300 12,220 54, 300 54.4 1.191 62, 960 . 3355 21,120 , 40 4.300 14, 640 26, 860

VEI for 11A by proportion from EIx, of beam and EI value of 11B

2 See Table 9a for computation of M taking eccentricity of each fitting into aceount.

516
54 6Xm=‘53. 4
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TaBLE 9a.—Compulation of bending moments eccentrically loaded beams

.
. M W sin T
Basic Formula My/y = L~ i

COSfj Coaij

. 22.5
0.1]smT--e
Special Formula M=P — i |=PB
Cos —

i
A—e
this case where B—m
A=0.1]sin 2.5
I}

and e=Eccentricity of application of axial load.

Spar
Notes
314 31B 40A. 19A-2 19B
14,125 16, 700 15,270 14, 580 18,440 | From Tablel.
71.8 66.6 M6 47.8 41.3 From Table 9.
.39 . 387 .743 .801 1.037 | From Table 8A.
.34 .338 .412 471 .545 .
.670 .720 .878 1.004 1162

. 30008 . 33160 . 40043 . 45378 . 51842
. 78382 . 75181 . 63870 . 53694 .39751
22129 22085 2.1885 2 1601 2 1411

1.8139 1.8215 1. 4435 1 2781 1. 1041 -
2 3141 24228 2. 2600 23803 27778
32,69 40, 460 34, 510 34,705 81,220

@

For the type 19 you assume true M =value above less 0.75 P,

M=2,770 37,300.

TYPES OF FAILURE

76. Owing to the number of types of spars tested,
there were many different types of failure, but most of
the failures can be considered as belonging to one of
four classes. Twenty-one of the 49 spars failed by
lateral buckling of the compression chord. Eleven
failed in joints between parts of the spars. Nine
failed by crushing of a short length of the compression
chord acting as a short column. Five failures were due
to excessive bending of sections of the compression
chord as long columns. The remaining three spars
failed in other ways. The character of the failure of
each spar is indicated in the second column of Table
10 by the following notations:

L. B. Lateral buckling of the compression chord.

S. Separation of the component parts of the spar

due to joint failures.

8. C. Crushing of the compression chord acting as

a short column.

L. C. Bending of a section of the compression chord

as a long column.

W.  Failure of the web members.

D. Excessive deflection accompanied by refusal

to carry more load.

F. Failure of end fitting.

77. The records regarding the types of failure are
usually very brief, and in some cases not very clear
now that the details of the individual tests have been
largely forgotten, although at the time they were
thought to be adequate. This shows the necessity of
making specially careful and complete notes on the

original data sheets regarding the character of the
failure, a practice that will be followed in the future.
In some cases, it is hard to determine which of the classes
of failure that of a given spar should be listed under.
This is particularly true in some of the cases where the
failure was on the border line between two of the
general types into which they are divided above.

LATERAL BUCKLING

78. The spars that failed by lateral buckling of the
compression chord formed by far the most numerous
class, including all the spars of types 11, 12, 13, 14, 17,
and 23, and some of types 16, 18, 19, 20, 31, and 21.
This kind of failure was typical of spars with narrow
chord members, or with webs made up of a single sheet
of material near the plane of symmetry.” All of the
I-beams, types 12 and 13, the plate girders, type 14,
and the dumb-bells, types 17 and 23, failed in this
manner. The boxes and channel trusses were relatively
free from this kind of failure. One spar of the hour-
glass-type which has the web members close together
at mid-height showed a failure of this kind.

79. In many cases in which the failure was in this
manner, the spar remained practically straight until
a load very close to the maximum carried was reached.
The upper and lower portions of the compression
chord then began to bow in opposite directions, or,
if two points of lateral support were provided, the
central third bowed out in one direction, and the end
thirds in the opposite direction. Failure then came
suddenly, the bowing out increaging rapidly, and
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usually being accompanied by a complete compression
failure of the chord near the center of the bow. When
the failure occurred in this manner, there was usually
little plastic deformation until the ultimate load was
closely approached. This kind of failure was most
common in spars that lacked inherent stiffness against
torsion like the plate girder and I-beam types.

80. In the cases of the spars that failed by lateral
buckling, although they were of types like the channel
truss or the box which have inherent strength against
torsion, the bowing usually became evident long before
failure occurred and the final failure was not expe-
rienced until after much plastic deformation. Itseemed
that although the compression chord might have a
tendency to buckle laterally, it was prevented from
doing so by the stiffening effect of the tension chord
aided by the web members, and the torsional stiffness
of the spar. On the whole, those spars which failed by
lateral buckling with little plastic deformation showed
low strength-weight ratios, while those which failed
by lateral buckling after considerable deformation,
showed high ones. Four out of the five spars with the
lowest strength-weight ratios belonged to the first
class, and the spar with the highest strength-weight
ratio fell in the second. :

81. Spars 13A“and 12B in Figure 12 show typical
examples of the lateral buckling of I-beam spars, the
former when tested with a single and the latter with
two points of lateral support. After removing the
spars from the testing jig, most of the deformation dis-
appeared as is shown by the pictures of the types 12
and 13 spars in the same figure which were taken after
the tests. In some cases, however, the load was
applied until the buckling of the compression chord
resulted in the complete collapse of a short length as
shown by spar 14B in its picture appearing in Figure
12. Figure 13 shows another picture of spar 14B after
it had failed but had not been removed from the test
jig. The pictures of these spars in the test jig all show
the lateral buckling very clearly, but there is not a
sign of it in the pictures of the spars after the load had
been removed.

82. The cause of lateral buckling failure is an inter-
esting study, and as yet it has not been fully deter-
mined. The obvious way to attack it is to compute
the strengths of the compression chords of the spars
tested as columns, and determine the unsupported
lengths that are the maxima at which they could be ex-
pected to carry the loads they actually were carrying at
failure. Figures for such a study are given in Table 10.

83. In Table 10 the values of P/A are the average
unit stresses in the compression chords at failure as
obtained from column 13 of Table 8. Where, as in
the cases of several of the box spars the computed
maximum stress at failure in column 10 of Table 8 was
less than the computed average stress from column 13,
or no average stress was computed, as in the cases of the
I beams, the value from column 10 was used instead
of that from column 13. Such cases are indicated in
Table 10 by a reference number after the value of P/A.
These values were used as they were considered much
more reliable than the computed average stresses.
From the value of P/A used, the corresponding slender-
ness ratio was computed from Euler’s formula. Multi-

plying the slenderness ratio so obtained by the radius
of gyration of the compression chord about the major
axis of the whole spar gives what might be called the
effective length of the compression chord against
lateral failure under the unit stress imposed by the
load causing failure. These effective lengths are com-
pared with the actual distances between points of
lateral support in the test.

TaABLE 10.—Study oj lateral buckling—Spars tesied with
single lateral suppori

Spar ! Failure; P/A L/iP | Puy L. La | Le/La | Case
1 2 3 4 5 7 8 9
10A ‘ 8. 132,610 | 350 0.830 | 45.7 [ 48.0 0.95 4
10B ' 8. 135,670 | 52.6 .830 | 43.7 | 48.0 .91 4
10C 8. 126,780 | 60.7 L830 | 50.4 | 48.0 1.05 2
10D 8. 128,410 | 58.9 .830 | 48.9{ 48.0 L02 2
10E 8. 131,810 | 55.6 L8301} 46.1 48.0 .96 4
11A | L.B. | 34,160 | 54.8 .602 | 33.0| 48.0 .69 1
12A § L.B. |124,540 | 64.7 .626 1 40.5 | 48.0 .84 1
13A | L.B. (124,570 64.6 .625 1 40.4 1 48.0 .84 1
14A  L.B. | 26,800 61.8 .631 | 39.0( 48.0 .81 1
14D | L.B. | 29,100 | 59.4 .678 | 40.1| 48.0 .84 1
15A | L.C, | 36,000 | 524 .858 | 45.0| 48.0 .94 4
16A | 8. C. 31,610 | 55.8| 1.048| 58.4| 48.0 122 2
16B | 8.C. 30,090 | 66.4 | 1.212| 68.4( 48.0 1.42 2
16C 1 8.C. | 30,340 | 57.0) 1.228 | 70.0{ 48.0 1.46 2
16D | L.C. | 25000| 627} 1.066| 66.8| 48.0 1.39 2
16E | L.B. | 25040 | 628} 1.000 | 68.5( 48.0 1.43 3
16F | L.C. | 28,130} 5.2 | 1.228| 726 ] 48.0 L51 2
16G 8. 33,130 | 54.6( .1.218| €6.5{ 48.0 138 2
18H 8. 31,400 | 56.0 12311 68.9| 48.0 1.44 2
18A | L.B. | 41,280 ] 48.9 .636 | 3L1| 48.0 .85 1
18B | 8.C. [137,355 | 51.4 .828] 426 48.0 .89 4
19A | L.B. | 26,750 | 61.9 | 1.421 | 88.0 48.0 1.83 3
198 w. 32,800 | 85.8| 1.616| 90.1| 48.0 1.88 2
20A F. 31,330 | 56.1 .781 | 43.9| 48.0 .91 4
2B ! L.B. | 39,510| 49.9 L7982 | 39.6 | 48.0 .83 1
21A 8. 128,490 | 58.9 .864 | 50.9 | 48.0 1.08 2
21B 8. 133,770 | 54.1 .886 | 47,9 48.0 1.00 4
21C | L. B. {130,490 | 56.9 .886 | 50.4 | 48.0 105 3
21D | 8.C. |133,620 | 54.2 .886 | 48.0| 48.0 1.00 2
22A 8. 31,120 | 56.3| 1.008| 56.7 ] 48.0 118 2
2B 8. 37,000 | 51.68 L9971 8151 48.0 1.07 2
2BA | L.B. | 40,360 | 49.5 L7931 39.2( 48.0 .82 1
31A | L. B. 53,830 | 729 707 | 8L.5( 48.0 Lo7 3
31C | L.C. | 68,530 64.4 .806 1 51.9| 48.0 Lo08 2
40B D. 20,520 | 5§9.0| 1.219 | 7.9} 48.0 1.50 2
1B | L.B. ! 36280 | 5.1 L6021 320 320 100 3
12B | L.B. |130,830 ] 57.7 .626 | 36.2( 32.0 L13 3
13B | L.B., |129,250 { 59.2 .625 | 37.0| 32.0 L16 3
4B | L.B. | 34,220| 54.7 .616 | 33.7{ 32.0 1.05 3
14C | L.B. | 32,875 558 5841 326 10.2 170 3
17A | L.B. | 36,600 | 518 .736 | 382} 32.0 119 3
7B | L.B. | 35200] 529 .730 | 38.7| 32.0 L21 3
BB | L.B. | 37,520 51.3 .793 | 40.7 | 32.0 L27 3
30A | 8.C. | 104,800 | 52.2 .683 | 357 320 L1l 2
30B | 8.C. | 83,700 | 58.4 .683 | 39.9 32.0 L25 2
31B | L.B. | 67,920 | 64.9 s707 | 45,9 32.0 L43 3
32A | 8.C. ), 3 50.6 L710 | 4241 32.0 1.32 2
32B | 8.C. | 93,070 | 55.4 L7101 39.3 | 32.0 1.23 2
40A | L.C. | 33,010 557 .768 | 42.8| 32.0 L34 2

1 Computed maximum stress from formula P/A+Mc/I.

84. When a spar has failed by lateral buckling of
the compression chord, it is reasonable to assume that
the compression chord has acted like a pin ended
column about the major axis of the spar, with an
effective length not greater than the distance between
lateral supports. In this case the ratio of the effective
length of the compression chord, L., to the distance,
L., between lateral support points will be less than 1.
If the spar did not fail by lateral buckling it would
be expected that the ratio would be greater than 1,
which is to say that the length of the compression
chord under the unit stress in question that would not
need lateral support would be greater than the distance
at which the supports were actually spaced. )

85. The above reasoning assumes that the unit
stress P/A is constant between the points of lateral
support.” If the unit stress should vary, some allow-
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ance would have to be made for the variation, as it is
obvious that a pin ended column with an imposed unit
stress varying to a maximum of n pounds per square
inch may be longer for the same cross section than
such a column with a uniform unit stress of n pounds
per square inch. In the test spars under consideration
those tested with two or more lateral supports may be
considered to have the compression chords subjected
to & uniform unit stress, as the variation in the central
third of their lengths was small. The majority of the
spars, however, were tested with a single lateral sup-
port, and over about half of the distance between the
end pin and the lateral support at the center of the
span the unit stress in the compression chord was chang-
ing rapidly. As the effective lengths of Table 10 were
computed from the maximum unit stresses, these
spars would not be expected to fail by lateral buckling
of the compression chord until the ratio of L,/L, was
somewhat less than 1. Study of the test results indi-
cates that the maximum ratio of L,/L, at which lateral
buckling should be expected would be about 0.85.

86. In Table 10 the spars are divided into four
classes, depending upon whether they failed by lateral
buckling or in some other manner and whether the
ratio of L,/L, is less than or greater than 1. Spars
that failed by lateral buckling with a ratio of L,/L, less
than 1 are put in class 1. Spars with the same type
of failure but a ratio of L./L, greater than 1 are in
class 3. Spars failing in other ways are put in class
2 if L./L. is greater than 1 and in class 4 if L,/L, is
less than 1. Classes 1 and 2 thus include the spars
which failed in the manner that was to be expected
from the ratio L./L,, while those of classes 3 and 4
failed in a manner inconsistent with the value of L./L,.

87. It is noticeable that of the spars tested with a
single lateral support, none of those in class 1 showed
ratios of L./L. greater than 0.84, while none of those
in class 4 showed ratios less than 0.89. If it were
assumed that the decrease in unit stress near the ends
of the spar reduced the ratio of L./L, below which
lateral buckling failure might be expected to occur
from 1 to between 0.85 and 0.88, all of the spars listed
in class 4 would go in elass 2, while none of those now
in class 1 would have to be placed in class 3. This
would mean that of the spars tested with a single
lateral support, only four, 16E, 19A, 21C, and 314,
did not fail in the manner indicated by the ratio L,/L,.
Of these four spars, 19A and 31A were tested with
eccentric application of the axial load, and this may
have something to de with the anomalous values of
L./L, but this can not be stated definitely. In the
case of 19A there is the further factor that the two
tubes forming the greater part of the compression
chord were joined together by a light channel, and it
is probable that it was insufficiently stiff to force the
tubes to act as a unit. The result was that the effec-

‘tive radius of gyration of the compression chord was

much less than was computed, being little more than
the radius of gyration of one of those tubes. If this
were the case, the failure by lateral buckling of those
two tubes simultaneously would be largely explained.
The only reasonable explanation that has been offered
for the failure by lateral buckling of spars 16E and 21C
is that due to unequal bearing on the end pins or some

similar condition, the axial load was applied with an
effective eccentricity perpendicular to the plane of the
spar, causing a bending which eventually resulted in
failure of the spar by lateral bending of the compres-
sion chord. One characteristic of the lateral buckling
failures of spars 16E and 21C that should be noted is
that their ratios of plastic to elastic deflection at maxi-
mum load were 158.7 and 40.8 per cent respectively,
the value for 16E being the highest recorded. The
ratios of plastic to elastic deflection at maximum load
for the spars of class 1 varied from 5.1 to 40.5 with a
mean of 25.4 per cent. This would indicate that the
failures of these two spars, particularly 16E, were of
somewhat different type than the typical lateral buck-
ling failures due to the compression chords being
loaded to a condition of elastic instability.

88. With the exception of spars 114 and 184, all of
those of class 1 showed ratios of L./L, between 0.81
and 0.84. The two exceptions showed ratios of 0.69
and 0.65 respectively. The reason for this is not known
with certainty, but is believed to be that the other
spars of class 1 with the exception of 20B had single
narrow webs that were unable to provide torsional
stiffness and aid the compression chord when that
member was highly stressed. The two spars with low
ratios, however, had a good degree of torsional strength,
11A from the double web and stiffeners, and 18A by
being made up as practically two tubes.

89. The tests with a single point of lateral support
therefore indicate very strongly that, for this loading
at least, if the unit stress per square inch in the com-
pression chord is more than that corresponding to failure
as an Euler strut when the distance between points of
inflection is 0.85 the distance between lateral supports,
and the torsional strength of the spar is small, the
spar will fail by lateral buckling of the compression
chord. If the spar has torsional strength, a higher unit
stress is needed to cause lateral buckling. At a lower
unit stress, failure, if it occurs, will be in some other
manner.

90. It has been shown (see pages 221-22 of Pippard
and Pritchard’s *Aeroplane Structures”) that when
the axial load in a long strut varies, the strength of the
strut can be estimated very closely by using the aver-
age load. In the spars tested the average value of P/A
varied from about 84 to 89 per cent of the maximum,
these figures being obtained by assuming that the unit
stress in the compression chord due to bending varied
from zero at the ends to & maximum at the side load
points, between which points it remained constant, and
that the ratio of unit stress due to the axial load on
the spar to the total unit stress varied from 0.34 to
0.54 which were the extreme values for this quantity
as determined from a study of Table 8. If, instead
of computing the effective length L, from the maximum
unit stresses in the compression chords, average unit
stresses varying from 84 to 89 per cent of the maxima
bad been used, the ratio of effective to actual lengths
would have been from 0.92 to 0.96 instead of from 0.81
to 0.84. This would indicate that the dividing line
between classes 1 and 2 of the spars in Table 10 should
have been put at a value of L./L. of about 0.94 instead
of 0.85. However, all of the compression chords re-
ceive support from the webs and so can not act entirely
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as independent columns, and it may well be that the
small amount of torsional strength provided by the
weakest of the webs of the spars tested was sufficient
to reduce the critical ratio of Le/L, to about 0.85.

91. Though nearly all of the spars tested with a
single lateral support failed in & manner consistent with
the values of L./L,, the same was not true of the spars
tested with more than one lateral support. Most of
these spars failed by lateral buckling, but with ratios
greater than 1. Two explanations can be given for
this phenomenon. One is that as the distance between
points of lateral support is so much less than when
only one lateral support was used, the effective length
L. should have been figured by a formula like the
straight line or parabolic formulas giving lower values
than the Euler formula. The other is that on account
of the clearance between the spars and the lateral sup-
ports, the spar deflected with a distance between true
points of inflection greater than the distance between
those supports. These possibilities are not inconsist-
ent with each other, and the results may be due to a
combination of them. An attempt was made to find
a value of L./L, for these spars whieh could be used
as a corrected division point between the spars that
failed in & manner consistent with the value of L./L,
and those which failed in a manner inconsistent with
that value, like the ratio 0.85 to 0.88 for the spars
with a single support, but none could be found.

92. The results of the tests with two or more lateral
supports are not inconsistent with the theory expressed
in paragraph 89, but they show that the character of
the loading and also the slenderness ratio of the com-
pression chord has a great influence on the likelihood
of lateral buckling failure so that much more work will
have to be done on the problem before it can be con-
sidered as completely solved.

SHORT COLUMN FAILURES

93. Nine of the spars failed by crushing of short
lengths of the compression chord, namely: 16A, 16B,
16C, 18B, 21D, 304, 30B, 324, and 32B. This type
of failure is one that reflests credit upon the efficiency
of the design, though the properties of the material
used may be such that the strength-weight ratio may
not be so large. This is true because it indicates that
all connections were adequate and that the unit stress
was increased to a point where crushing occurred
instead of buckling in the manner of a long column.
In all of these spars, with the exception of 32A in
which the strength-weight ratio fell to 1,207, the
strength-weight ratios were good, being above 1,360,
and in five cases above 1,400.

94. The spars of type 16 are dural channel trusses,
the channels being of the type studied by Roy A.
Miller in Aif Corps Information Circular, Vol. VI,
No. 598, “Compressive Strength of Duralumin Chan-
nels.” In this report Mr. Miller computed from the
results of his other tests the unit stresses that should
cause the chord members of these spars to fail if con-
sidered as pin-ended eolumns, with their unsupported
lengths equal to the distance between the joints con-
necting the webs to the chords. These unit stress
figures are given in Table 11 along with the com-

puted unit stresses in these channels from Table 8
and the ratios between the theoretical stresses of Mr.
Miller and the computed stresses from Table 8.

TABLE 11.—Unit stresses in channel chords, spars 164,

B, and C
1 2 3 4 5 6
Unit stresses Ratios
Maxi-

Spar Average/| Maxi-
Theo- | 4o mum | “pheo- | mum/
retical | 4 Verageé retical | Theo-

retical

16A 29, 820 31,610 } 33, 350 1. 060 1.118

16B 28,410 30,990 | 32,470 1.091 1,142

16C 29, 250 30,340 | 31,970 1.037 1.093

AVOrage. .. cceeececeuconcomeanan 1.063 1.118

 05. It can be seen from this table that the average

unit stresses obtained are a little more than 6 per
cent greater than Mr. Miller’s theoretical value,
which is a much better check than most of those
obtained in this spar study. It is also to be noted
that from character of the failure as a short column
by crushing, one would expect the observed stress to
be somewhat larger than the theoretical value, the
latter being based upon the assumption that the fallure
would be in part at least by buckling.

96. Though the failure of spar 18B is recorded as
being one of short column crushing, its action in test
was such as to arouse the suspicion that the crushing
was secondary and that the primary failure was
due to lateral buckling. The chief indication of this
was its ratio of L./L, of only 0.89. The same may
also be true of 21D, which showed a ratio of only 1.
The other spars of this group all show fairly high ratios
of L./L,, the average for the eight, excluding 18B,
being 1.24

97. Both spars of type 30 showed high strength-
weight ratios, this as well as the type of failure indi-
cating that the material was efficiently used. The
spars were channel trusses of heat-treated steel. The
further development of this type has not yet been
pushed on account of the fact that their narrowness
made it necessary to test them with two lateral sup-
ports to prevent them from buckling laterally. That
this was a wise precaution is shown by the L, values
for them, both of which are less than 48 inches. As
it was, these spars were able to carry load until the
crushing strength of the material was reached, spar
30B failing under a lower stress than 30A because
the joints of the latter were riveted and those of the
former welded, and the resulting deterioration of the
material caused the compression chord to fail near a
welded joint at a relatively low unit stress.

98. The spars of type 32 were welded steel trusses
of tubing. Though the El,; values for these spars
were rather low, it was first attempted to test them with -
a single lateral support, but on their beginning to show
signs of lateral buckling of the compression chord, the
test was stopped and both spars tested with two lateral
supports. In this test they failed by crushing of the
compression chords. In the case of 32B, this did not
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occur near the center of the spar but near the ends, due
probably to poor alignment of the parts of the spar in
construction, or warping after welding.

99. Although the type of failure being considered is
considered one of the best that can be obtained in a
spar, the data on hand gives little hint as to how it can
be secured with certainty. About the best the designer
can do is to try to proportion his spars efficiently and
hope for the best.

LONG COLUMN FAILURES

100. Four of the spars, 16D, 161, 31C, and 40A
failed due to buckling of the compression chord in the
plane of the truss, the failure taking place over a single
panel of the truss. One spar, 154, had a similar
failure except that the buckling was at right angles to
the plane of the truss. It should be noted that all of
these spars were trusses. In this type of failure it
seemed that the compression chord acted as a long
column between the truss joints. This would happen
if at all only under relatively low unit stresses and one
would expect spars failing in this manner to show

length of chord member that buckled. At failure the
average plastic deflection of the first four mentioned
spars was 57 per cent of the elastic deflection. 40A
is omitted from the average as it was listed with
eccentrically applied load and EI,., was not computed

for it. :
JOINT FAILURES

102. The failures of 11 spars were due to the fajl-
ures of connections between the parts forming the
spars. These were the five spars of type 10, and 16G,
16H, 214, 21B, 22A, and 22B. Sevengof these spars
were therefore boxes, and four were duralumin channel
trusses. The spars of type 10 all failed in the same
manner, some of the rivets joining the webs to the
cover plates first failing in tension. This suddenly
doubled the unsupported length of the cover plates
which iinmediately became long slender columns sub-
jected to a higher unit stress than they could carry
with their new unzupported lengths and they immedi-
ately buckled. This kind of failure is shown clearly
in Figure 18, a close-up of the failure of spar 10A. In
type 21 the edges of the cover plates were turned

-~

rather poor strength-weight ratios. On the whole this
expectation is realized, the strength-weight ratios
obtained .being 1,419 for 15A, which was deeper than
allowed by the specification; 1,376 for 40A, but this
spar was helped by eccentric loading; and 1,331 for
spar 16F, which incidentally was designed with a
specially shallow chord so it would fail in this manner.
For the other two spars the strength-weight ratios
were 1,230 for 16D and 1,194 for 31C. In all of these
cases the maximum load could have been increased by
either designing the compression chords with larger
minimum radii of gyration, or by decreasing the length
of the truss panels. The first method has the dis-
advantage, rather clearly shown by spar 11B, that the
designer is in danger of having too much material near
the neutral axis of the spar to permit an efficient
design, the possible increase in unit stress being more
than offset by the decrease in section modulus. The
second method has the disadvantage that the extra
weight of web members may offset the extra efficiency
of the chords.

101. The plastic deflection (Table 8) of these spars
was large owing to the considerable shortening of the

Sl s abelsie T e e
down so the loss of support from the webs by failure of
these rivets would not be so serious as the minimum
radius of gyration of the cover plate alone was greatly
increased. : It is noteworthy that while the first two
spars of type 21 failed in this manner the failure was
not so sudden and 21B had a higher strength-weight
ratio than any of the type 10 spars. Though the
classification is such that the rivets are apparently to
blame for the failure of the type 10 spars, this is not
wholly the case, as the failure of these rivets was un-
doubtedly due to the desire of the thin cover plates to
buckle. When the cover plates were made as shallow
channels, they were so much stiffer that they did not
have the same buckling tendency, and did not pull off
the rivet heads as quickly as they did in type 10.

103. Spar 22B was a channel truss with the back of
the compression chord reinforced by a flat strip riveted
to it. Thie flat strip acted just like the cover plates of
the type 10 spars and buckled away from the channel,
pulling off the head of at least one rivet in doing so.
This did not cause immediate failure, but at a little
higher load, the two parts of the compression chord
no longer reinforcing each other, both failed simultane-
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ously along a short length. While the two parts
seemed to fail simultaneously, it is probable that the
flat strip failed first throwing extra load on the channel
which was already too heavily loaded to be able to
carry the increase.

104. The other three channel trusses failed by
tearing away of web members at the joints connecting
them to the chords. In all probability none of these
web members would have failed if the load in them
had been applied at their centroids, but as it was
applied eccentrically, the bending caused extra tension
at the free edges of the channels and failure resulted.
In the case of spar 224 the failure was in the rivets, and
was probably due to too close design of this member,
the secondary shear due to the slope of the elastic curve
‘of the spar and the axial load being neglected.

1035. On the whole, a failure of this kind is an in-
dication that the type of spar being used has not
been utilized to its possible efficiency, and this is also
indicated by the better strength-weight ratios obtained
from some of the boxes of types 20 and 21 as com-
pared with those of type 10. In the case of the channel
trusses, this does not seem to be the case as 16G has the
best strength-weight ratio of all of the spars of types
16 and 22, but if the®other features of this spar were
used with a stronger web, it is probable that a better
strength-weight ratio could be obtained.

106. All of the spars failing in this manner showed
fairly high ratios of plastic to elastic deformation at
maximum load, the values ranging between 4.8 and 110
per cent of the elastic deflection and the arithmetrice
mean being 50 per cent.

OTHER FAILURES

107. Three of the spars failed in ways not covered
by the four types of failure mentioned above. The
end fittings of spar 20A were weak and poorly connected
to the spar proper. The result was that the fitting
failed and the end of the spar crushed on the uneven
bearing provided it by the fitting. This really could
not be considered a spar failure, and the results with
204 should be given little if any weight in comparing
the types.

108. Spar 40B was subjected to load until it refused
to carry more. The test could not be carried on to
complete failure, however, as the spar deflected until
it pressed against the jig, and the additional support
allowed it to begin to increase the load it carried. The
failure is therefore classed as excessive deflection in the
plane of the truss. Its strength-weight ratio was so
low that it has not been considered worth-while to study
this type more thoroughly, even to determine with
certainty the character of its failure.

109. Spar 19B failed by buckling of the compression
web members between the end pins and the points of
application of the bending load. This failure was thus
very similar to that of spar 224, the fundamental cause
of the failure being lack of strength in the web members.
In this case also the weakness of the web was probably
due to neglect or underestimation of the increase in
the shear due to the slope of the elastic curve of the
spar near the ends, or possibly to overestimation of the
coefficient of restraint of the web members and their
ability to carry loads of compression.

DESIGN OF SPARS

110. The wide variation in unit stress values shown
in Tables 8 and 9 and the lack of any correlation be-
tween unit stress and strength-weight ratio shows that
special rules will be needed for the design of each type
of metal spar. The determination of the proper rules
for a type of construction requires many tests to de-
termine the effects of each of the many variables affect-
ing the result, and at the present time sufficient tests
have not been made on any type of spars to permit for-
mulation of complete design rules for that type. In
the case of two types, however, several spars have been
tested, and the data obtained from these tests is con-
sidered sufficient to permit the formulation of rules
which, though not complete, wiil be of much assistance
in design, and can be used in practice until new data
shows what changes should be made in them. This
section of this report is devoted to the derivation of
tentative design rules for the two most promising types,
the duralumin box and the duralumin channel truss.

DURALUMIN BOXES

111. The problems confronting the designer laying
out a new design are chiefly the following, each of which
will be discussed in turn with reference to the dural
box in the following paragraphs:

(a) The allowable unit stress at design load.

(b) The stiffness factor or probable ratio of effective
EI to E,I,.. :

(c) The features required to prevent lateral buckling
of the compression chord.

(d) The proper proportions for the cover plates or
chord members.

() The proper proportions for the web.

(f) The determination of rivet spacing to prevent
failure by separation of the parts of the spar.

(9) The proper design of fittings at points of applica-
tion of concentrated loads.

112. In the series of tests made to date 11 duralumin
box spars have been tested, § of type 10, 4 of type 21,
and 2 of type 20. Four computations of unit stress
at failure have been made for these spars, and tabu-
lated in Tables 8 and 9. Not all of these four figures,
however, are of use to the designer. Those of Table
8 are based upon the observed deflections at maximum
load, and those of Table 9 on deflections at maximum
load computed on the basis of the values of El,. ob-
tained from cross-bending tests. For purposes of the
formulation of design rules, it is considered that the
figures shown in Table 8 can be neglected in favor of
those of Table 9. i

113. Two unit stress values are shown in Table 9
for each spar, one computed from the formula
f=P/A+M,/I, and the other from f==P/A+M/A,h.
The former is supposed to be the maximum stress in
the compression chord, while the latter is supposed to
be the average stress in that chord. It may be no-
ticed, however, that for all of the spars of types 10
and 21, the ““average’ stress is larger than the maxi-
mum. This is an absurd result and a clear indication
that at least one of the values is in error. The proba-
bility is that the average stress is the one in error, as
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the entire cross section was taken account of in com-
puting the maximum stress while the effect of the web
was neglected in computing the average value. This
being the case, it is considered that for duralumin
box beams, the design should be based upon the
computed maximum unit stress, and only those
values, given in column 10 of Table 9 will be con-
sidered in determining on a unit stress value for use
in design.

114. The unit stress values shown in column 10 of
Table 9 for the 11 box spars tested are as follows:
104, 33,390; 10B, 33,785; 10C, 25,900; 10D, 27,890;
10E, 30,560; 204, 31,100; 20B, 39,740; 214, 27,520;
21B, 30,745; 21C, 29,190; 21D, 31,750. The lowest
value ig 25,900 and the highest 39,740. The median
value is 30,745. The lowest value is therefore 84.2
per cent of the median.

115. If it were desired to be ultraconservative, the
allowable unit stress would have to be set near the
lowest recorded value, at, say, 26,000 pounds per
square inch. The writer considers, however, that
spars 10C and 10D do not represent good design, as
the cover plates did not have the edges turned down,
and what is more important, the webs were very light
and unable to give the cover plates adequate support.
If the cover plates are adequately stiffened either by
turning down their edges to form shallow channels,
dishing them as done in type 20, or by connecting them
to a rigid web, the spar should not fail at a load less
than that which would give a computed maximum unit
stress of 30,000 pounds per square inch. As in the
case of wood boxes, the allowable unit stress undoubt-
edly varies with the proportions of the section, and the
problem can not be considered solved until a method
of computing the form factor has been evolved.
Sufficient data for this purpose is lacking at present
s0 it will be necessary to use a single figure for boxes of
all proportions, though as soon as spars having some
particular design feature in common show a well-defined
tendency to fail under loads corresponding to some other

unit stress, the value should be accordingly raised or
lowered for this type.

116. In order to compute the maximum unit stress
in a new spar, it is necessary to compute its deflection
either directly or else indirectly by using the Newell
formulas for combined bending and compression. In
either case, a value of EI is needed. As was shown
above, the effective EI as obtained from either eross-
bending tests or combined load tests will be appreciably
less than the value called EI,, in this report. The
designer must therefore have a correction factor by
which to modify his value of E,I,, to obtain the EI
value for him to use in his unit stress computations.
For the 11 box spars under consideration, the values
of El,/E,L;: range from 0.820 to 0.994, the median
being 0.916 and the mean 0.9155. The ratio El./E,I,,
varies from 0.810 to 1.056, the median being 0.959 and
the mean 0.935. Though the loading from which the
El.. values were obtained is more like that to which
the spars are subjected in service than the loading
used to obtain EI,,, the latter are considered more
reliable for the reasons given in paragraph 73. It is
believed wise therefore to give more weight to the
EI,, values. When the variations in the designs are
cbnsidered, it is recommended that for design purposes
a stiffness factor of 0.9 be used for duralumin box
spars, this factor being applied as a multiplier to the
value of E,I;; to obtain the effective EI value to be
used in further computations. :

117. Having selected values for the allowable unit
stress and for the stiffiness factor, it is of interest to
determine the allowable loads bascd on these eriteria
and to compare them with the observed maximum
loads. The computations for this comparison are
given in Table 12. On account of the secondary
bending it was not possible to compute the strength of
these spars directly, but a load had to be selected, the
unit stress resulting from that load computed, and the
value compared with the specified allowable stress of
30,000 pounds per square inch.

TaBLE 12.—Computed sirength of boz spars

Spar

10A 10B 10C 10D 10E 20A 20B 21A 21B 21C 21D
1) S 91.8 91.8 9.5 M5 92.7 103.3 100.8 113.7 102.1 102.1 102.1
o7 ESTIX 07 82.6 82.6 85.0 85.0 83.4 93.0 90.7 102.3 91.9 9.9 91.9

FIRST TRIAL
20,000 | 20,000 | 16,000 | 16,000 | 18,000 | 19,000 | 23,000 20,000 | 20,000 20,000 20, 000
64.2 64.2 72.8 72.8 72.2 69.9 62.7 7.6 67.8 67.8 67.8
0.750 0.750 0. 550 0. 550 0. 565 0.812 0. 795 0.573 0. 660 0.660 0. 860
,000 | 60,000 | 44,800 | 44,800 | 45,050 | 54,400 | 70,000 | 58,460 58, 200
1. 471 1.471 1.400 1. 409 1.135 1.420 1.350 1. 589 1. 496 1. 496 1.496
0.3404 | 0.3404 | 0.3307 ) 0.3307 | 0.3371 | 0.3025| 0.3099 | 0.2516 | 0.2657 | O0.2657 0.2657
13,600 | 13,600 | 11,360 | 11,360 | 14,100 | 13,300 | 17,040 | 12,600 | 13,360 | 13,360 13, 360
,420 | 20,420 | 14,820 | 14,820 | 15190 | 16,460 | 21,690 | 14,210 | 15.460 | 15,460 15, 460
,020 | 34,020 | 26,180 | 26,180 | 20,200 | 20,850 ( 38,730 | 26,810 | 28,820 | 28820 28,820
SECOND TRIAL

17,650 | 17,650 | 18,350 | 18,350 | 16,400 19,200] 17,800 | 22400 20,800 | 20,800 20, 800
68.4 68. 4 68.01  68.0 7.2 69.8 7.4 67.6 66. 5 66.5 66. 5
0.644 0.6441 0653: 0653 0.583 0.617 0.579 0.665 0. 690 0. 690 0. 690
51,100 | 51,100 | 53,300 « 53,300 | 46,500 | 54,800 | 50,400 | 65300 | 61,200 61,200 61, 200
12,000 | 12,000 13,030 . 13,030| 14,450 | 13,450 | 13,100 | 14,100| 13,000 | 13,900 13, 900
17,390 | 17,300 | 17,630 ! 17,630 | 15370 | 16,580 | 15620 | 16,430 | 16,260 | 16,260 16, 260
,390 [ 29,300 | 30,660 ! 30,660 | 29,820 | 30,030 | 28,810 30,530 | 30,160] 30,160 30, 160
Computed P. 18,030 | 18,030 | 17,950 17,950 | 16,500 | 19,070 | 18,530 | 22,000 | 40,680 | 20,680 20, 680
Observed P..__________ 19,3751 20,185 | 15900 17,010 | 16,790 | 19,740 | 23,510 | 20,180 | 20,980 | 20,450 21,920
Margin of safety (per ce 7.5 12.0 | -11.4: ~52 1.8 3.5 26.9 -8.3 1.5 -11 5.6

Average margin of safety (neglecting 20B) =0.57 per cent. Including 20B =2.96 per cent.
Average deviation (neglecting 20B) =5.68 per cent. Including 20B=7.38 per cent.
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118. For the first trial, the axial load was assumed to
be an integral number of thousands of pounds and a
little less than the observed maximum load, the same
figure being assumed for all spars having the same geo-
metrical properties. The effective EI values were ob-
tained by multiplying the values of E,I,; taken from
Table 9 by the recommended stiffness factor 0.9. The
deflection was obtained from the value of j computed
from the effective EI and assumed P values and the
curve of Figure 15. The remainder of the computa-
tions down to and including the value of f, the maximum
computed unit stress, are conventional and need not be
discussed further,

119. The axial load P used in the second trial was
obtained by assuming that the unit stress varied in
direct proportion to the axial load, and using this as-
sumption to determine the axial load which would pro-
duce a2 maximum unit stress of 30,000 pounds per square
inch. The results of the second trial were to give maxi-
mum unit stresses so close to 30,000 that the third
trial load, computed from the second in the same
manner as the second was computed from the first,
was assumed to be the computed strength of the
spar.

120. Comparison of the strength of the spar as com-
puted on the recommended basis with the observed
maximum loads shows that the computed strengths are,
on the average, on the safe side by about one half of 1
per cent if spar 20B is neglected, but by about 3 per
cent if that spar is included. The average deviation of
the observed strengths from those computed is ahout
6 per cent if 20B is neglected and about 6 per cent if it
isincluded. As this agreement is so good, and the spar
which failed to carry the computed load by the largest
margin failed by only 11.4 per cent, the results in
Table 12 are considered sufficient justification of the
recommended values of maximum unit stress and stiff-
ness factor.

121. The fairly high margins of safety shown in
Table 12 by spars 10A and 10B and particularly 20B
indicate that when more is known about these types of
spars, it may be possible to increase the unit stresses al-
lowed in their design. All of the spars showing serious
negative margins of safety incorporate what are now
known to be defects in design, but until these defects
and the methods of avoiding them have been studied
more thoroughly it is considered better to be conserva-
tive. ’

122. Comparison of spar 20B with 11A and 11B
would lead one to suspect that it would develop a
higher unit stress than those of types 10 and 21, on ac-
count of the greater amount of material near the neu-
tral axis of the spar which can give aid to the more
highly stressed portions. In fact, the justice of classify-
ing these spars with those of types 10 and 21 is open to
serious question. The writer believes that further
study of type 20 will show that a higher unit stress is
allowable, and he would use a higher stress, probably
36,000 to 38,000 pounds per square inch, if designing
spars for test, but would use 30,000 for spars to be used
in actual airplanes until more study has been devoted
to this type. The fact that spar 20A did not show a

unit stress much higher than 30,000 would not influence
him on this matter as that spar failed in test by crushing

of the end fitting, and thus showed only that the spar
could carry at least the unit stress value shown, but
gave no indication as to how much higher stresses it
would carry.

123. In promulgating the unit stress value of 30,000
and the stiffness factor of 0.9, it is implied that the spars
should not only be of the box type, but should also be
designed in such a manner as to take advantage of the
lessons learned in the tests as to proportioning of
members, ete.

124. One of the most important matters to be
investigated in the design of such spars is the likelihood
of lateral buckling of the compression chord. After
the trial design has been completed, the compression
chord should be investigated as an Euler column
between points of lateral support, and if the ratio of
L./b, computed in the manner used in compiling
Table 10 is less than 0.9 the design should be changed
to obtain more lateral stiffness. In making the
computation for L, for a box spar, it will be advisable
to use the maximum unit stress instead of the average
stress, unless the latter proves to be the smaller. The
discussion of Table 10 indicates that the maximum
stress will give a more reasonable value, and its use
will also simplify the computations, as it must be
computed in any event in order to check the strength
of the spar in the plane of its major axis. In practice,
as the maximum allowable unit stress, 30,000, is known,
and so is the distance between lateral supports of the
compression chord, the minimum allowable value of
the radius of gyration of the chord about the major
axis of the spar can be computed directly and the
design made in accordance.

125. In the 11 box spars tested, 3 types of chord
member or cover plate were used. The type first used
was the flat plate. In the first 2 spars tested this
showed up quite well, but at maximum load it tore
away from the web and failed. In the other 3 spars of
type 10 the cover plates were made heavier and the
webs lighter. The result was that while the minimum
radius of gyration of the cover plate was increased,
the stiffening from this cause did not offset the loss of
stiffness due to the lighter web. This accounts for
the failure of the spars at low unit stresses. The spar
with flanged lightening holes gave the best results
of this group of 3 spars, as the result of the lightening
hole flanges was to practically double the number of
points where the cover plate was stiffened by the web.
It was the belief of those who observed the test that if
the cover plates had had sufficient inherent stiffness
the webs would have not been called on to stiffen the
cover plates and the design with lightening holes
would not have showed up as well. As a result of the
tests on the spars of type 10 it was decided that in any
further work with duralumin box spars the flat cover
plate would not be used, and it is recommended that
this policy be adhered to in all design work. Even
though it is possible to design a spar with adequate
strength with fiat cover plates, it is believed that such a
spar when it fails will do so by tearing away suddenly
from the web, and that this is an indication of less
than possible efficiency in the use of the material.

126. In the spars of type 21 the chords were made
up of one or two pieces of sheet duralumin, the edges
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of the outer sheet being turned down at right angles
to form a shallow channel. The object of this was to
increase the minimum radius of gyration of the chord
and prevent failure by pulling away from the webs.
On the whole, this device proved successful, and it is
recommended that either this or some equivalent
device be employed by all designers of box spars.
There is insufficient data on hand at present to deter-
mine how much of the free edges of the cover plates of
spars of type 21 should be turned down to provide
stiffness, and this is one of the moot questions regarding
design that should receive attention in the intensive
study of this type of spar.

127. The possible methods of stiffening the com-
pression chord of a dural box spar are numerous.
Not only can the free edges be turned down to form a
shallow channel, but one or more corrugations might
be placed longitudinally in the sheet, or it might be
dished in some manner. Type 20 shows a type of
dishing in which the resulting chord member is a
closed hexagonal section. The results of the tests on
the two type 20 spars made to date are most favorable,
and it may be that it represents the type of box that
should be generally used. Only one of the tests, how-
ever, gave much light on the allowable unit stresses
for this type, and there is as yet no data available as
to the proper proportions for the chord members.
One of the most urgent phases of spar research at
present is to obtain more data on this subject.

128. There are two important phases to the design
of the webs of duralumin box spars: The determination
of the thickness of sheet to be used, and the decision
a8 to the number and character of web stiffeners to
be used. On neither of these points, however, do the
tests give as clear information to the designer as is
given regarding the allowable unit stresses in bending
and compression.

129. Table 13 shows computations of the average
unit shear stresses in the webs of the 11 box spars
tested, no allowance being made for the shear resulting
from the axial load and the slope of the elastic curve.
As can be seen from the table, though the unit shear

values are quite constant for each type, they vary
greatly between types. The spars of type 21 showed a
distinct tendency to fail through weakness of the webs,
and in comparison with type 10 the shear values would
lead one to expect this. On the other hand, type 20
showed no tendency to web failure, though the webs
of these spars are subjected to twice as great a unit
shear. The difference may be due, however, to the
corrugations of the type 20 webs. All of the shear
values are low, but the secondary shear, and also the
part of the axial load carried by the web, is neglected.

130. The allowable stress in the webs undoubtedly
depends upon the distance between the chord members
and also that between stiffeners, but there is too little
data available to make very specific recommendations
for design. It is considered conservative design to
have the distance between stiffeners somewhat less
than the distance between the chords, and for the
6-inch depth of spar the unit shear stress should
probably be kept below 4,000 pounds per square inch.
The more complete determination of these points
should be one of the objects of an intensive study of
this type of spar.

131. All of the types of web stiffener used, channels
joining both webs, alternate channels joining both webs
and angles on the outer surfaces of the webs, continuous
vertical corrugations, and large vertical corrugations
spaced at 4 inches, and vertical channels joining both
webs alternating with round flanged lightening holes
seemed to be adequate, and no real advantage seemed
to be obtainable from any of them, as compared to
the others. It is believed, however, that the stiffeners
joining both webs, though more expensive, are better
than the other types, as they give the spar more strength
against torsion and thus _make failure by lateral
buckling of the compression chord less likely. Chan-
nels joining both webs were used both at right angles to
the axis of the spar and at 45° in the pattern of the web
of & Warren truss, but as the latter showed no definite
advantage in strength over the former and is a more
expensive type of construction it is not recommended
for use in practical design.

TABLE 13.—Unit shear stresses in webs of duralumin box spaces

Spar
10A 10B 10C 10D 10E 20A 2B 21A 21B 21C 21D

5.912 5.90 5.90 5 90 4,944 4.944 5.8815 5.8815 5. 8815 5. 8815
0. 0. 050 0. 050 0. 050 0. 022 0. 022 0.042 0.042 0.042 042
6"’ 5. 2507 45° 5.25 750" () 47 47 5.25 5.25
0.71 . 059 0.59 0. 59 0.218 0.218 0.494 0. 494 0.494 0. 494
2,019 1, 580 1,701 1,679 1,974 2,351 2,018 2,008 2,045 2,192

2,840 2,700 2,850 9,050 10, 780 4,090 4,250 4,150 4

1 Corrugations.
A w=Area of web.
S=Primary shear

- s=Distance between stiffeners.
t="Thickness of web.
h=Height of web sheet (clear distance).
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132. There were not enough tests run to determine
any of the fine points regarding rivet spacing. It
seems that a good rule to follow for the rivets con-
necting the web to the chord members is to so space
them so that the maximum slenderness ratio of the
chord on the length between adjacent rivets will be
less than that of the spar as a whole about its minor
axis. If a flat cover plate is used this criterion will
put the rivets very close together, but the tests show
that many rivets are needed with this type of cover
plate. With a dished or shallow channel cover plate,
the required rivet spacing will be much larger, and
probably one that the designer will consider very
reasonable.

133. The nature of the tests made in this study
was such that they throw little light on the problem
of the design of fittings for the application of load to
the spar. The end fittings through which the axial
load was applied were cut off before the spar was
weighed, and were therefore made so heavy that there
was little chance of their failure during test. This
was intentional as a previous series of tests had shown
that if the weight of such fittings was included in the
spar weight used in making comparisons, these fittings
would be made so light that they would often fail
long before the main portion of the spar was heavily
loaded, making the test of little or no value in deter-
mining the merits of the type of spar. The results of
the tests on spar 20A are a good example of this.
The side pull fittings did have to be carefully designed
for these tests as they were included in the weight,
but they offered little difficulty. As a result these
tests have not demonstrated any new facts of impor-
tance regarding fitting design. The only recommenda-
tion on this point is that fittings should be carefully
designed so no high stresses will be produced in carry-
ing the applied load to both chords and the web, and
that a little extra weight in them will usually increase
the strength of the whole structure more than its
weight.

DURALUMIN CHANNEL TRUSSES

134. Eleven duralumin and two steel channel trusses
were tested. One of type 15, 8 of type 16, 2 of type
22, and 2 of type 30. On the whole it proved to be
an excellent type, and though the strength-weight
ratios obtained were not as great as the best from the
box spars, the two types are very nearly equal in
merit.

135. During the same period as that in which the
spar tests were being made, Mr. R. A. Miller was
carrying on an investigation of duralumin channels as
columns on which he wrote Air Corps Information
Circular, Vol. VI, No. 598 ‘“Compressive Strength of
Duralumin Channels.” In this report he developed a
method of computing the allowable stress in a channel
used as a column and showed how his results could be
used in the design of channel trusses. For further
details the reader is referred to Mr. Miller’s report.

136. As Mr. Miller’s work is available and pertinent,
it is not*necessary to use a single arbitrary value for
the allowable stress in the chord members of channel

truss spars, as was done for boxes. When the channels
are of the type covered by Mr. Miller’s report they
should be considered as pin ended columns of a length
equal to the distance between truss joints and the
allowable unit stress determined from the charts of
Air Corps Information Circular, Vol. VI, No. 598. If
Mr. Miller’s charts are not applicable, the allowable
stress must be determined with judgment extrapolat-
ing from Mr. Miller’s charts if possible, but in no case
assuming a yield point greater than 30,000 pounds per
square inch. If possible, the yield point for the chan-
nel shape in question should be checked by tests of
the type made by Mr. Miller in his study, in which
case the value resulting from the tests may be used.

137. As the unit stresses obtained by Mr. Miller
were from axially loaded eolumns, when used in spar
design they should be considered as the average
stresses in the channels. Therefore the designer of a
channel truss should use the formula f=P/A-+ M/Ah
instead of f=P/A+M,/I in computing the stress in
the channel chords.

138. As in the case of the duralumin boxes, it is
necessary to apply a stiffness factor to the value of
E,I,, to compute the value of EI to be used in com-
puting moments. A study is now in progress which
aims at the development of a method of computing
this quantity from a study of the deflection of the spar
under the primary bending alone, but until this method
has been perfected and checked by test, it will be neces-
sary to use an arbitrary value. The ratios of
El,,/E,I,. for the 13 channel trusses tested varied
from 0.764 to 0.912, the median value being 0.826 and
the'mean 0.834. If the two steel trusses be neglected the
range of variation remains unchanged but the median
value becomes 0.815 and the mean 0.824. The ratios
of El,. to E, I vary from 0.750 to 1.052, the median
being 0.898 and the mean 0.899. If the steel spars are
neglected the range of variation remains the same but
the median value becomes 0.905 and the mean 0.912.

139. The values of EI,, point to the use of 0.8 as
the stiffness factor, while the EI,, values point to
0.9. Mr. Miller has proposed in Air Corps Informa-
tion Circular Vol. VI, No. 598 to use 0.9, but the writer
prefers the more conservative value of 0.8, as he con-
siders the values of EI,, more reliable than those of
EI... Inpractice, it is not believed that the difference
between these values is very great as the maximum
stress in the beam is not very sensitive to changes in
EI unless the value of L/j is large, and in that case it
would be much better to use the more conservative
figure, at least until a more rational method of com-
puting the effective EI has been devised.

140. The margins of safety of the 11 duralumin
channel truss spars were computed by the method
recommended for future design, the computations
being given in Table 14. The allowable unit stresses
were taken from Air Corps Information Circular Vol.
VI, No. 598, the remain der of the work being similar
to that in Table 12. The most important changes in
procedure were that the first trial axial load was taken
in every case as the observed load at failure, and the
formula for the average stress was used instead of that
for the maximum stress.
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TaBLE 14.—Computed strength channel truss spars

FIRST TRIAL
s SPAR
15A 16A 16B 16C 16D 16E 16F 186G 16H 24 28
99.3 102.7 109.0 87.6 82.3 102.1 107.7 110.3 90. 1 100.1
79.44 82.16 87.20 70.08 85. 84 81. 68 86. 16 88.24 72.08 80.08
29,820 | 28,410 29,250 | 32,520! 33,000 | 23,440 28,970 | 24,240 30,755 29, 940
18,500 | 18,050 | 18,750 | 14,850 | 14,960 | 16,740 | 20,150 | 19,900 | 18,450 19, 800
85. 5 67. 4 68.2 68. 6 66.3 69.8 85. 4 66. 5 62.5 63.6
0.718 0.670 0. 850 0. 839 0. 695 0.613 0.718 0. 690 0. 0,768
54,000 | 52,700 | 54,400 | 42,800 | 44,090 | 47,920 | 59,800 56,370 59,730
1.261 1247 1.350 1173 1.168 1.188 1 1.386 1.127 1.219
3.505 3.552 3.800 4.059 4.328 3.473 3.785 3.878 3.939 3.817
14,660 | 14,480 | 13,800 | 12,850 { 12,830 | 14,000 | 14,870 | 14,350 16,370 16, 240
15,660 | 14,840 | 14,320 10,560 { 10,190 | 13,800 X 15,085 | 14, 18,
30,320 | 26,320 | 28,210} 2R,210| 23,020 | 27,800 | 30,670 | 29,435| 30,670 31,890
SECOND TRIAL
18,200 | 17,490 | 19,4401 20,800 | 21,430 | 14,080 | 19,040 | 10,760 | 18,510 18, 590
66.0 68.5 86.9 58.0 55.4 76.2 67.2 66.8 62.4 65.6
0.703 0.642 | ' 0.881 0. 990 1. 130 0.493 0.673 0. 682 0.807 0.715
53,700 | 50,600 | 57,000 | 67,400 | 72,500 { 38,630 | 55700 | 57,900 | 56,600 85, 200
¥ 14,430 | 14,020 | 14,400 | 17,730 | 18,380 | 11,850 | 14,050 | 14,250 | 16,430 15, 260
1Y £ O, 16,100 | 15320{ 14,240 | 15000 16,600 16,750 11,110 14,700 | 14,930 14,370 14,450
[ aeaaee 3,110 29,750 | 28,260 | 29,400 | 34,330 30,130 22,960 | 28,750 | 20,180 | 30,800 29,710
i
THIRD TRIAL
S 17,710 | 18,250 | 17,500 | 19,330 19,700 | 20,130 | 14,380 ) 19,180 19,800 | 18,480 18,730
M. 8. (percent)...e..cooaoue- +8.9 +1.4 +2.6 —3.0{ -6 -28.7( +l16.4 +5.1 +0.6 -0.2 +5.7

Min. M. 8. = =25.79%. Mar. M. 8. = 4+16.4%. Av.M.S. = —1.18
Omitting 16D, 16E, and 16F. Min. M. 8. = —3.09%. Max. M. 8. =
Corrected values of 161) and 16E —-10.8% and —9. 2%,.

141. It will be noticed that the computed margins
of safety for all of the spars in the group except 16D
and 16E were small, and generally positive. 16F
gave quite a high margin but it had very shallow
chord members and a very low allowable stress. In
this case it is believed that the webs and riveted joints
appreciably decreased the slenderness ratio, so the
allowable unit stress credited to this spar should have
been higher, which would have reduced the margin of
safety. On the whole this is not a serious defect in
the recommended design rules, as it shows that when
the designer is tempted to use a shallow channel, the
unit stress will automatically become rather low, and
he will be encouraged to make a more reliable design.

142. The large negative margins of spars 16D and
16E would be considered as pointing to serious defects
in the proposed design rules, but after the spars had
been tested, tests on the material used showed it to be
of very poor quality. The computed strength of
these spars was recalculated, reducing the allowable
unit stress in the same proportion as the tensile strength
of the material fell below 55,000 pounds per square
inch. The revised margins of safety were —10.8 per
cent for 16D and —9.2 per cent for 16E. These
margins are about as great as is allowable, but it is
considered that on account of the very poor quality of
the material, these spars can be eliminated from con-
sideration when formulating a rule for design. It is
quite probable that the E of the material in these spars
was low as well as the tensile strength, in which case a
properly corrected pair of margin of safety values
would be much closer to zero than those given above.

%. Av. deviation = —9,05%,.
+8.9%. Av. M. B. = 42649, Av. deviation =2.95%.

143. No discussion of the other questions arising in
the design of duralumin channel trusses will be at-
tempted in this report, as the subject is covered as
completely as is possible in our present state of knowl-
edge by Mr. Miller’s Air Corps Information Circular,
Vol. VI, No. 598. It may be well, however, to warn
the reader that at least one cause of the discrepancy
between Mr. Miller’s ratios between the stresses
carried by the spar chords and those given in this
report is that he has given the stresses computed from
the observed deflections, while the stresses in Table 14
are computed from an arbitrarily derived value of EI.

EFFECTS OF DESIGN FEATURES

144. The large number of design features incor-
porated in the relatively small number of spars tested
precludes the possibility of making many general
statements regarding the effects of particular features
and demonstrating the truth of these generalizations
mathematically from the results of the tests that have
been made. It is possible, however, for one who has
seen the actual tests and made the mathematical study
of them recorded above to obtain a pretty good idea of
the effects of the more important features of design,
and the following paragraphs will cover the conclu-
sions along this line at which the writer has arrived.

145. The first question to be taken up is the relative
merits of trusses, boxes, and beams. All of the spars
tested fall under one of these classifications, with the
possible exception of those of type 18 which has char-
acteristics of both the beam and the box, and type 11
which is intermediate between the truss and box
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classes. On the whole the beams tested in this study
have been unsatisfactory, due largely to their tendency
to buckle laterally under relatively low loads. It is
believed that this is due to the use of a single thin sheet
at the plane of symmetry for the web, so that the web
provides a minimum of resistance to the compression
chord when it starts to bend out to the side. The rein-
forced web of 23A and the corrugated web of 23B
showed up a little better in this respect than the webs
of types 12, 13, and 14. This tendency of the beam to
buckle laterally is its most serious defect, and it is
believed that if it could be overcome, it would
be the preferred type on account of its possible
simplicity, accessibility, and adaptability to quantity
production.

146. There seems to be little to choose between the
better designs of boxes and trusses, and they seem to
act in a very similar manner. None of these types
showed much tendency to buckle under low loads
unless they were very narrow. Under the loading
used, it was essential however for the trusses to have
webs approximately as wide as the chords, as in the
cases of types 16 and 22 which had as web members
channels extending the full width of the truss. The
trusses with narrow webs, like types 17 and 31, seemed
to have the same tendency to buckle laterally shown by
the beams. It would seem that although there is little
difference in merit between the best trusses and the
best boxes under the loading used in this test, if the
intensity of the loading were increased or the allowable
spar depth dccreased, the boxes would show up to
greater and greater advantage. Conversely, if the
intensity of loading were reduced or the allowable
depth increased, the trusses would socn show to a
definite advantage.

147. One great advantage of the beam and the box
under intense loads and small spar depths is that the
material in the web carries its full share of the axial
load. Also, by carrying the shear by shear deforma-
tion, instead of by tension and compression in separate
members, the deflections and secondary bending mo-
ments are decreased. It is probable, also, that the
continuity of the web results in a somewhat higher
modulus of rupture for the beam or box than can be
obtained for the truss. In the greater depths encoun-
tered” in the spars of bombers, for instance, these
advantages are off-set by the great weight of the re-
quired webs, and it is more economical to use a truss
type of web than to try to get equal results by means of
lightening holes. Such holes in general give the spar
the disadvantages of both the box and truss t&pes.
The tests on the spars of type 10 seem to point in the

opposite direction, but the writer believes that the
actual effect was that the flanges to the lightening holes
in spar 10E gave more support to the cover plates used
than the flat plate webs of 10C and 10D. If, however,
these cover plates had been made of the proper size, it
is thought that the spars without lightening holes
would have shown up better than those with them.
This is indicated by the results on spars 10A and 10B.

148. The best ratio of spar width to spar depth has
not been indicated by the tests made to date. It seems,
however, that the wider a spar can be made without
danger of spreading the material in the chords out so
thin that it will buckle locally, the greater will be the
EI,, of the spar, and the less the danger of lateral
buckling of the compression chord. The minimum
width of the spar is not a quantity that can be defi-
nitely determined with our present knowledge, but the
designer should try to obtain as high a value of EI,,
as he can. It is hoped that further research will
indicate a method of determining the needed magnitude
of this property, as the narrower the spar with an ade-
quate EI,y the more efficient it can be made for the
resistance to loads in its plane. This problem of the
needed width of a spar is complicated by the possible
effect of the ribs in providing the spar with the lateral
support needed, a phase of the general question not
treated in this report.

149. The further the centroids of the chords of a
spar are from the neutral axis, the lower will be the
unit stresses required to resist a given bending moment
and the smaller will be the deflection under a given load
and the resulting secondary bending moments. If this
criterion could be followed without qualification, the
best type of chord member would be a flat plate such
as was used in type 10. The weakness of this type of
chord member is that, considered by itself, it has a very
small radius of gyration about an axis ‘through its
centroid parallel to the minor axis of the spar, and will
buckle locally under a relatively small load. In trusses,
this weakness is countered by using channels or tubes
for the chord members, the properties of these members
about their own major axis being made comparable to
those of the whole spar about its major axis. In the
spars of type 10, it was hoped that the webs riveted to
the cover plates along their edges would provide the
needed stiffness. The tests showed, however, that this
was not enough, as rivet heads would be pulled off
suddenly doubling the unsupported length of the chord
member and it would then fail. A better method of
obtaining the desired result was by using chord mem-
bers like those of types 20 and 21 which did not have to
depend so largely on rivets for their stiffness.
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TaBLE 15.—Standing of types . ;
. Per cent o Per cent (| - P/Wt. Per cent
Spar P/Wt. of 1658 Spar P/Wt. X%D. L. of 1658 Spar JDe B | of 1,658
2C 1,658 100.0 2C 1, 658 100.0 t17B 1,732 104.5
20B 1,615 97.4 20B 1,815 97. 4 2C 1, 569 4.6
4C 1,603 9.7 4C 1,603 96.7 4C 1,554 93.8
117A 1, 555 93.8 130A 1,518 9.6 16A 1,515 1.4
130A 1,518 91. 6 21D 1,499 90. 4 123B-2 1,514 91.3
21D 1,499 90.4 16G 1,497 90.3 130B 1,500 01.0
16G 1,497 90.3 22B 1,444 871 LB-1 1, 506 90.8
22B 1,459 88.0 10B 1,383 83. 4 20B 1,490 890.9
15A 1,419 85.6 15A 1,367 82.4 2B 1,466 88.4
i8B 1,401 845 114C 1,363 822 111B 1,454 87.8
10B 1,383 83.4 132B 1,342 81.0 18A 1,486 87.3
132B 1,365 82.3 18B 1,335 80.6 15A 1,445 87.2 \
114C 1,363 82.2 1A 1,285 76.3 10E 1,443 87.1
114B 1,361 82.1 114B 1,259 76.0 21B 1,438 86.8
A 1,359 82.0 117A 1,257 75.8 114B 1,415 85.4
123B-2 1,344 8L1 14D 1,225 73.9 132B 1,377 83.1
111B 1,310 79.0 LA 1,195 721 1A 1,328 80.1
1A 1,265 76.3 31C 1,104 72.0 1 14C 1,296 78.2
4D 1,245 75.1 1]2B 1,115 67.2 14A 1,275 76.9
1128 1,202 72.5 111B 1, 065 64.2 1A 1,245 75.1
31C 1,194 72.0 1 Z3B-2 1,059 63.8 112B 1,225 '73.9
11A 1,182 7.3 11A 938 56.6 113B * 1,208 72.9
1138 1,005 66.0 40B 920 55.5 13A 1,168 70.5
40B 1, 005 60.6 i113B 900 54.3 31C 1,136 68.6
12A 999 60.3 12A 74 47.9 12A 1,121 67.6
13A 992 59.7 13A 712 429 40B 1,051 63. 4

! Indicate spars tested with two lateral supports.

150. Table 15 gives the relative ratings of the dif-
ferent types of spars in the first two groups of Table
4 in accordance with the strength-weight ratio and its
modifications shown in that table. Only one spar is
listed for each type, except when some of the spars of
a type were tested under design conditions, and others
with additional lateral support. In every case it is
the best spar of each group for which the figures are
recorded, and the letter indicating the spar to which
the data pertains is shown.

151. From the data of Table 15 it can be seen that
the best type of spar tested was the conventional wood
box, if we consider the actual strength-weight ratio de-
vefopqd to be the measure of merit. An interesting
phase of this matter is that all of the wood spars of
types 1, 2, and 4 were designed and tested at the be-
ginning of the study, while most of the metal spars
which showed up well, did so only after the types in
question had been developed after a series of trials.
This fact, indeed, summarizes the present relative
status of wood and metal for use in spar design. So
much experimentation has been done in the past on
the design of wood spars that it is possible to design

wood boxes and I beams to carry a given load and get |

a spar that will carry the desired load, or very close to
it, with a good strength-weight ratio on the first at-
tempt. In the case of metal, the designer is working
in a relatively new field in which the best types of
design have not been decided upon, and the allowable
unit stresses for the different types of construction and
relative dimensions have not been determined. The
result is that several trials are usually needed before a
satisfactory design is developed. In fact, some of the
metal spars which showed up best on their first trials
were designed by following wood design practice as
closely as possible. At present this lack of knowledge
and experience with metal design is the chief reason
for the preference of many engineers for wood construc-
tion, and the fundamental purpose of this study is to
rectify it so far as possible and determine which types

2 8par tested with four lateral supports.

of metal design show the most promise of producing
spars of equal merit to the conventional wood types,
and to study the factors that must be taken into con-
sideration in their design.

152. On the whole, the strength-weight ratio figures
show that there are two types of metal spars that
promise to equal the wood spar in merit. These are
the duralumin box, as represented by types 20, 21,
and 10, and the duralumin channel truss as represented
by types 16, 22, and 15. At present, the boxes show
up a little better than the channel trusses, both types
20 and 21 showing higher strength-weight ratios than
type 16, one of which showed up better than any of
the other channel trusses. The spars of types 20 and
21 which showed up so well were among those most
recently tested, and before the tests on them, the chan-
nel trusses seemed to be somewhat better than the
boxes. It is quite possible that further development
of the channel trusses will again bring them up to and
beyond the figures for the boxes. Considering the
fundamental properties of these two types, it seems
that the loading used in this test, including the limitation
as to spar depth, is very close to that at which the two
types are of equal merit. If the loading were more
intense or the allowable depth less, it is believed that
the superiority of the boxes'over the channel trusses
would become much more pronounced. On the other
hand, if the loading were less intense, or the allowable
depth greater, it is believed that the channel truss
would show a pronounced superiority over the box.

153. It might be claimed that spar 20B showed an
inferior strength-weight ratio to spars 19A and 19B
and that type 19 should be considered the most promis-
ing substitute for the wood types. These high ratios
of the type 19 spars, however, were due primarily to
their eccentric loading and camber. That the same
results could be obtained with any type of spar,
particularly a wood box, is shown by the results of the
tests of the type 3 spars, one of which gave a higher
strength-weight ratio than even 19B, although, unless
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and their supposed causes, when rivets began to fail,
and any such events. Sometimes one observer will
think that the web or the compression chord is buckling
but the others will disagree. In such cases this fourth
man should enter these facts in'the log. In fact he
should try to note all remarks made by the witnesses
as to the action of the spar under load that are pertinent
to the test. After the spar has failed he should write a
complete description of both primary and secondary
failure. As soon as possible after the test he should
write a short report on Ithe test from his rough log and
file it with log of the test kept by the third man. In
this fourth man’s log the events can be dated by the
deflection readings as they are easier to keep track of
than the loads, but in his later report they should be
translated into the corresponding loads taken from the
log of the third man.

173. Tests should be carried to destruction with
sufficient permanent set to show the character of the
failure whenever possible. An exception to this rule
may be made for spars that fail by lateral buckling of
the compression chord, but even in these cases it is
desirable to stop the test only when some part of the
compression chord has crushed locally. After several
spars have been tested, a picture should be taken of the
group, showing the failures as clearly as possible. In
some cases, a picture showing the whole spar will not
show the failure very clearly, and while such spars
should not be omitted from the group pictures showing
the entire lengths of the spars, additional “close-ups”
should be taken of the portion that failed. By follow-
ing the suggestions outlined above, it is believed that
the test records will be found much more reliable than
those made in the past, and proportionally more useful.

STAGES OF STUDY

174. The study of the different types of spar design
may be divided into three main stages which will be
referred to below as prospecting, development, and
intensive study. The prospecting stage is that at the
beginning of the study when it is not at all certain
whether or not the type will be found efficient. Most
of the study recorded in this report was on types in the
prospecting stage. As a result of this prospecting
stage, two types, the duralumin box and the duralumin
channel truss, were selected as worthy of further study
and have been put into the development stage. This
implies that the general lines of those types showed
much promise and the study of them was continued
to make sure that they were good. Several other types
have also been selected for development such as the
extruded duralumin I beam, and the alloy-steel chan-
nel truss. The third stage, intensive study, is that in
which as many spars as possible are tested in order to
determine the exact effect of the various design varia-
bles and to formulate satisfactory rules for design.
This stage has been entered for the duralumin box and
channel-truss types. Thus it can be seen that while
there is a very definite distinction between the prospect-
ing and intensive study stage, the development stage
has vague boundaries and shades off into the other two
without distinet lines of demareation.

175. In the case of types still in the prospecting
stage the division should leave the design entirely to
the proposer of the type, giving him a free hand. In
the development stage, the designer should be required
to submit figures to the division to create a presump-
tion that the changes proposed by him will probably
result in improved performance, though in some cases,
the division will ask the designer to incorporate certain
features. In the intensive study stage the division
should specify the critical dimensions of the spars de-
sired, though in practice the planning of a series of
designs will usually be made in cooperation with a con-
tractor. It should not be necessary for the division
to make complete detailed drawings for the spars it
purchases in the intensive study stage, but sketches
showing the critical dimensions desired should be suffi-
cient even when the spars are advertised for com-
petitive bids. Certainly this should be the case when

the spar is covered by design rights not yet purchased

by the division and the one constructor is the sole
source of supply.

SPAR TYPES TO BE STUDIED

176. In discussing the types of spars to be consid-
ered in further work, distinetion must be made between
spars of the size used in the current study and other
sizes, and also between the three stages of study as
defined above. The work that should be carried out
on the observation size used in the current study will
be discussed first and then some remarks will be made
regarding tests on other sizes.

177. The tests made to date have indicated that the
most promising types are the duralumin box and the
duralumin channel truss. Intensive study has been
started on both of these types, resulting in the formu-
lation of the design rules given earlier in this report,
but the discussion of those rules shows how numerous
are the questions remaining to be solved before rules
for their design can be formulated to cover all probable
cases. In the intensive study proposed for these types,
particular attention should be paid to the hexagonal
cell box-like type 20, as the proposed design rules are
too conservative for this type which showed the high-
est strength-weight ratio of all of the metal spars tested
under the specified conditions. Parallel to the inten-
sive study of these types there should be a further de-
velopment study of the extruded I, plate girder, hour-
glass, and dumb-bell types in duralumin and the heat-
treated steel channel truss. While ecarrying on the
intensive study and development of the types men-
tioned, a small amount of prospecting should also be
done if any types are proposed that look promising,
but the emphasis should now be put more on develop-
ment and intensive study than on additional pros-
pecting. It is not considered that further attention

need be paid to the welded steel tube truss as repre-
sented by types 31 and 32, the combination steel and
duralumin tube truss as represented by type 40, or
the spar with round duralumin tube chord members,
as represented by type 11. |

178. Although two spars of both types 17 and 23
were tested, all four of them were original designs
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without the advantage of a preliminary trial, as in
both cases the two spars were designed and built
at the same time, the chord members being practically
the same but the webs being of different character.
This was done in the hope of getting information regard-
ing the relative merits of the types of web used, but
the results were not satisfactory as, in all four cases,
failure was by lateral buckling of the compression
chord, and no difference in action due to the differences
in web design could be detected.

179. The spars of type 17 showed up very well,
the best of the pair being exceeded in strength-weight
ratio by only the wood boxes, one of the wood I beams,
and the dural box 20B. The other spar of type 17
was also bettered by spar 30A. The main reasons
why this type has not been studied more intensively
are that it lacks lateral stiffness, that the high strength-
weight ratios obtained were developed only in tests
with two points of lateral support instead of only one,
and the fact that the load at failure was only about
0.8, the design load. The low strength of the spars
tested is not a valid reason for losing interest in the
development of the type, though it would prevent
its being used until more reliable methods of design
could be developed. In fact the combination of low
strength and:high strength-weight ratio would indicate
that as a type the dumb-bell was worthy of serious
development. It seems almost certain that it should
be practicable to so increase the lateral moment of
inertia of spars of this type as to provide adequate
ateral stiffness, and at the same time increase the
lstrength to the desired figure without increasing the
weight sufficiently to decrease the strength-weight
ratio. The only feature of the construction that is of
doubtful merit is the lack of torsional strength due
to the use of a single web in the plane of symmetry
of the section. None of the spars that had single
webs in the plane of symmetry showed up well except
the wood I, and in this case the web was much thicker
than for the metal designs. Whether torsional strength
is really needed in a spar that is held in place by drag
struts, ribs, and the other members of the conventional
cellule, is open to question, but it seems obvious that
a type of construction that has inherent torsional
strength is better than one which has equal _merit;
otherwise, but lacks this one quality. A practical
disadvantage of the dumb-bell type iz the necessity
of using a chord of irregular section, the geometrical
properties of which are difficult to determine. This
makes it hard to design a spar with given properties,
and thus makes the type less acceptable to the designer.

180. The dumb-bells of type 23 did not show up
nearly as well as those of type 17. This may have been
die to the fact that both spars were tested with single
points of lateral support. It is true that spar 23B was
tested also with two points of support, but the test
was made after the test with a single support, and that
fact that it carried little more load in the second test
than in the first may have been due to its having been
injured in the first test. \It is also possible that the
shape of the chord member used in type 23 was inferior
to that used in type 17, or the use of a continuous sheet
web instead of light trussing may have been less
gconomical.

. 181. Type 30 was very similar to types 16 and 22,
except that the material used was heat-treated steel
instead of duralumin. Owing to the greater density
of the material, it was obvious that local failure would
result if the chord channels were made as wide as those
of type 16. When the spars had been constructed and
were tested in simple bending, it was noted that the
lateral EI value was low, due to the narrowness of the
spars. This indicated that the spars would fail at a
very low load if tested with a single lateral support, so
two were used. One of the two spars was connected
by rivets, and the other by welding after heat treat-
ment. ’1_‘he welded spar showed that the properties of
the material had been lowered by the welding, and it
failed at a lower load and strength-weight ratio than
the riveted spar, in spite of the fact that the connections
were lighter. B :

182. The studies of duralumin channels of Air Corps
Information Circular, Vol. VI, No. 598, show that if
a steel truss spar of this character were made wide
enough to need only one lateral support, either the
amount of material in the chords would have to be
increased so much as to lower the strength-weight
ratio excessively, or failure would occur at a low load
due to local buckling. It would be advisable, however,
to try a spar of this general character but with the back
of the chord channel reinforced by a longitudinal
corrugation like those of spars 16G and 16H. '

183. It might also be desirable to try the type again
with two lateral supports to see if it can not be improved
for use when there will be adequate lateral restraint
provided externally. Before t\he latter is done spars
of the dural box and dural channel truss types should
be designed and tested with two lateral supports, as it
is believed that the strength-weight ratios of these
types could be improved if they did not have to be
made so wide. If this should turn out to be the case, it
would indicate that they were superior to the types
that required the additional support before they will
show up favorably. - . o -

184. The duralumin hourglass of type 18 is & hybrid
between the box and dumb-bell types. The second
one tested showed up quite well, and its designer be-
lieves that by salight modifications it can be greatly
improved. This should be checked by tests, and if it
should show up as well as its designer hopes it will
deserve intensive'study. Until then it should be con-
sidered only as a type that should continue under
investigation but not intensively. '

185. The I beams of duralumin did not show up
well. In the cases of the extruded beams of types 12
and 13 this was due in part, at least, to the fact that
manufacturing conditions limited them to a depth of
534 inches, whereas the other spars tested could be
made 6)4 inches in depth. This difference in depth of
one-half inch in six was too great a handicap for them.
It must be admitted, though, that the spars of type 14
in which the full depth was utilized did not show up
very much better. If the type were one of no exten-
sive use in conventional structural use, like type 17, for
example, it would probably be said that the fundamen-
tal cause of weakness was the lack of torsional stiffness
and strength inberent in the use of a single web in the
plane of symmetry, and study of the type would be
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dropped. The I beam and the plate girder, however,
are among the most widely used types of construction
in eonventional steelwork, and it should not be dropped
from airplane work on the basis of the few tests made
on them in this study. It appears to the writer that
on this account further attempts should be made to
develop this type, as he does not believe that those
tested represented the best available design. The
designer of types 12 and 13 claims that it is now possi-
ble to obtain extruded I beams up to the 6l4-inch
depth, and it would be highly desirable to test out a
spar of type 12 in this depth. If it or a new spar of
type 14 showed up well, the type could then be sub-
jected to more intensive study.

186. Even though the extruded I-beam or the plate
girder should not show up as well as some other types,
if it showed up reasonably well, it would have to be
considered a standard type and the constants for its
design would have to be determined. For quantity
production of constant chord airplanes, the extruded
I is by far the simplest possible type of spar, and might
often allow the construction of a lighter wing than couid
be obtained with more complicated structures that
showed up better on strength-weight ratio in tests.
The plate girder would not be so good for quantity
production, but for small orders and for tapered wings,
if a few sizes of extruded angles or tees were available,
it would be possible to design very satisfactory spars
at reasonable cost. Often it would be possible to
make the original design with plate girder spars, and
then if the design was satisfactory and a production
order large enough were desired, an extruded I of the
same properties could be substituted with a resulting
saving in weight. Type 13 does not warrant further
study, as it showed up in the tests as inferior to type 12.

187. The tube chord designs like types 11, 31, 32,
and 40 have not shown up with sufficient merit to
warrant their further study. If the tubes are made
round, the effective depth of the spar is too much
reduced to permit an efficient design, as is shown for
duralumin by the high unit stresses and low strength
weight ratios of type 11. Even though steel is used,
the effective depth would be less than for a design with
elliptical tubes. In addition; the use of round tubes
involves an unnecessary sacrifice of lateral stiffness.
With elliptical tubes, these types look more promising,
but the comparative figures indicate that the material
can not be as efficiently located when tubes are used
as chord members as when the channels of the channel
truss type, or the flat plates or shallow channels of the
box type are employed. This is pa;'tlcularly serious
when duralumin tubes are used, as the fitting design
becomes a difficult problem, it being possible to make
good connections between the flat plates of the box
and channel truss types much more easﬂy and effi-
ciently than between tubes. With steel, the difficulty

can be reduced by the use of welding, but this prevents

the use of the high heat-treatments needed to get the
efficiency required for acceptable design. The spats of
type 32 and spar 30B were welded after heat treatment.
. Table 4 shows that the riveted spar 30A is much su-
perior to the other three, and the difference is almost
certainly due to the welding in the latter cases.

- TESTS ON OTHER SIZES

188. The tests made to date, though they have not
satisfied our curiosity regarding the design of spars
suitable for observation airplanes, have given us much
more knowledge regarding which types are efficient
in this size and how to design them than we have
regarding spars of either larger or smaller sizes. There-
fore while further study of the observation size should
not be dropped, study should be initiated of the design
of metal spars of other sizes. The problems involved
are primarily the determination of the size to be
studied and the working out of a satisfactory test rig
for the size selected.

189. In pursuit and training airplanes, the allowable
depth of spar is less than 6 inches in many cases, and
some study is needed on spars of this class. Whether
this class is more or less important than the deeper
spars will not be discussed at length in this report, but
it seems obvious that sooner or later, it will be necessary
to study metal spars of approximately 4-inch depth,
as designers will insist on using metal spars in the
smaller sizes of airplane, and the writer believes that
metal is more likely to prove superior to wood in these
shallow spars than in any other size. )

190. When the observation loading used in the tests
discussed in this report was worked out, other loadings
were suggested in Serial Report 2450, ““Loadings for
Experimental Airplane Spars,” by J. S. Newell, for
both larger and smaller spars, but none of them have
been used in actual tests. An attempt was made to
design spars for the pursuit loading of that series, but
it was found that the resulting secondary bending
moments were excessive. More recently, a new pursuit
loading was worked out and its suitability checked by
making trial designs and comparing the design loads
including secondary effects with the same quantities
for actual pursuit airplanes. The comparison was
satisfactory and the resulting figures for the loads and
limiting dimensions are given in the requirements for
experimental metal spars which are proposed for use
in making future purchases. The test jig for this
loading has not yet been constructed and no tests
have been made so, although it is believed that this
loading will prove satisfactory, this can not be proved
until it has been tried out. The bomber loadings
proposed in Serial R)epc')rt 2450 are not believed suffi-
ciently severe, nor the limiting dimensions sufficiently
large for use in future work. Before tests are made on
spars intended to be. suitable for large bombers, a
new loading should be worked out based on the critical
loads on the spars of the XHB-1, LB-5, and similar
airplanes.

191. Several years ago a series of tests were made
on metal spars 15 inches deep and of a size suitable
for use in bombardment airplanes. The results of
those tests are recorded in Air Corps Information
Circular No. 556, “Comparison of Tests on Experi-
mental 15-Inch Metal Spars and 11-Foot Chord Metal
Wing Ribs,” by J. S. Newell. These tests showed the
welded chrome-molybdenum steel tube truss similar '
to types 31 and 32 to be the best of the metal types
tested and about equal in merit to the wood box.
In fact, it was this series of tests which caused the
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popularity of the welded tube type of truss for large
airplane spars. '

192. It might be urged that in future tests the same
loading and allowable depth should be used, but this
is not considered desirable. In the tests of 15-inch
spars it required nearly a day to set up a spar ready
for test and about half a day more to test it. This
time element has been greatly reduced for the 614-
inch spars by the use of a jig in a testing machine,
and early in 1927 17 spar tests were made between
January 26 and February 2, inclusive, not less than
2 tests being made on any 1 day, 3 tests being made
on each of 3 days, and on 1day 4 tests. Two of the
days in the period were a Saturday and a Sunday.
It would have been absolutely impossible to do so
much testing with the loading of Air Corps Infor-
mation Circular No. 556.

193. A more important defect of the loading of Air
Corps Information Circular No. 556 was that the load
had to be applied in increments, usually of 5 or 10 per
cent of the design load, and the load at failure could
not be determined closer than to the nearest incre-
ment. In the testing machine, the axial load at failure
could be read to the nearest 10 pounds, but it must be
admitted that the probable error was nearer 20 or
30 pounds. But evenif the error had been 100 pounds,
the result would have been much more precise than
the nearest 5 per cent increment.

194. In the tests of Air Corps Information Circular
No. 556, when the maximum load was reached the
spar collapsed and it was never possible to get points
representing conditions after the maximum load had

inch spars. This made it harder to determine which
were primary and which secondary failures. The
loading was also imperfect in that the maximum
bending moment came at the fitting at which the axial
load was applied and it was usually difficult to deter-
mine whether the failure should be charged against
the fitting or whether the spar itself had also been
subjected to the maximum load it could carry.

195. All of the above defects in the method of
testing were eliminated in the case of the 614{-inch
spars by the new method of testing, and it is considered
that to return to the old method would be a retrogres-
sion that should be avoided if at all possible. So far,
however, it has not been possible to devise a method
of testing the deeper spars that appeared satisfactory.
It would not do to simply increase the allowable
depth and modify the axial and side loads required
for the 6}4-inch spars, as the ratio of length to depth of
a 12-inch spar would be only 8, and this is considered
too small to be satisfactory. It is also impracticable
to increase the length unless some means is devised
to increase the length of specimen that can be handled
with the available testing machines.

196. The problem is further complicated by the
uncertainty as to the trend of design and therefore as
to the character of the loading that should be used.
One strong tendency is toward the tapered cantilever
monoplane, and another is to the externally braced
biplane. The spar depth of the first type is subject
to very great variations, but on the whole it presents

the easier problem, as the spar is reqixired to carry only

‘simple bending. Two or three spar depths covering

the probable range could be selected and tests made in
all of these depths. The tests could be made in the
available testing machines, the spars being subjected
to two concentrated loads near the center of a simple
span, the reactions being provided by supports from a
heavy steel I beam below the test spar. Loadings, and
means .of providing lateral support to the compression
chord, and for reading deflections would have to be
worked out, but that would not be a difficult problem.
If a system were developed for testing deep spars under
combined axial and bending loads, tests of this character
would probably be desired in any event, as they are
provided for as part of the preliminary bending tests
mentioned in the new requirements for 614-inch spars.

197. Preliminary studies of the problem have indi-
cated that it will be practicable to design jigs in which
to test spars of greater length than eight feet in the
available testing machines. As the roof of the new
laboratory building at Wright Field is much higher
than that in the old material branch building at
McCook, it may be possible to fit longer extension
screws on the testing machine used in the majority of
the tests recorded in this report apd test the spars in a
jig of the same type as that used on the 614-inch spars.
Even if this should not prove practicable, methods can
be devised to handle the larger spars, two such methods
having been sketched out. Both of these new methods,
however, require more complicated and expensive jigs
than the type used on the observation size of test
spars, and considerable development and design work
would still be needed before they could be constructed
and ready for use. It is recommended, therefore, that
the possibility of increasing the length of the specimen
that can be tested with the type of jig now used be
further investigated, and if it is not possible to do so
to the extent necessary to handle test spars of a suitable
length for the bomber size, the alternative methods of
testing be given further study and a jig constructed for
testing by what is decided upon as the better method.
Whatever method of test is decided upon, however, no
metal spars should be purchased for test until the suit-
ability of the method of test selected has been proved

- by tests on wood box spars constructed by the division._

198. The decision as to whether the next size to be
studied should be larger or smaller than the 614-inch
depth should depend upon the type of airplane in
which the division will be most interested two or three
years from now, as it will probably be that long before
the relative merits of the different types of construc-
tion can be determined. If funds are available, it
would be desirable to carry out tests on both pursuit
and bomber sizes. It is believed that results will be
obtained more quickly in the additional sizes than in
the past with the 61{-inch sizes, as many of the results
obtained with one size will be found applicable to the
others, and the tests of one size will act as a guide to
the tests needed in the others. Of the three sizes, it
is recommended that the observation be the one in
which the greater part of the study be made as its loads
and limiting dimensions are intermediate between
those of the other two.




APPENDIX I

LOGS OF TESTS 6% INCH METAL SPARS

Logs of tests

Test 10A-1 Test 10A~2 Test 10B
Load |Deflection| Load {Deflection|| Load IDeflection
312 0. 000 312 0. 000 312 0. 000
1,250 027 1, 250 . 026 1,250 .033
2, 500 . 059 2, 500 . 060 2, 500 . 064
3,750 .092 3,750 .093 3,750 094
5, 000 .125 5,000 .132 5, 000 .128
8, 250 . 160 6, 260 .171 6, 250 .162
7, 500 . 200 7, 500 211 7, 500 .198
8,750 .243 8,750 . 251 8,750 . 238
10, 000 288 10, 000 .202 10, 000 . 280
11, 250 .338 11, 250 . 337 11, 250 .327
12, 500 . 302 12, 500 .383 12, 500 .374
13,750 446 13,750 .430 13,750 .428
14,375 472 15, 000 . 480 15, 000 .483
15, 000 . 501 16, 250 .529 16, 250 . 546
18, 250 . 568 16, 875 . 554 18, 875 .582
16,875 . 606 17, 500 . 580 17,840 .650
, 500 . 646 18,125 .807 18, 310 . 680
18,125 ., 638 18, 750 . 636 18, 750 720
18,750 . 765 19,375 .685 19, 180 .760
19, 430 .
Failure of rivets in ), 125 . 900
End of fitting hit tension, 10inches || 20, 185 .950
lever arm of test from center.
g. ' One lateral sup- || Tension failure of
One latera sup- port. . rivets, 10 inches
port. from load point.
One lateral sup-
port.
Test 10C Test 10D Test 10E
4
Load [Deflection|| Load |Deflection| Load |Deflection
| ’
250 0. 000 250 0. 000 250 0.000
. 1,000 .025 1,000 .019 1,000 .024
2,000 .051 2,000 . 046 2,000 . 058
3,000 .07 3, 000 077 3,000 .080
4,000 103 4, 000 103 4, 000 122
5,000 k. 5, 000 .131 5, 000 .155
6, 000 .163 6, 000 . 159 6, 000 185
7, 000 104 7, 000 . 190 7,000 .23
8,000 . 226 8, 000 220 8, 000 . 258
9, 000 . 259 9, 000 .253 9, 000 .203
10, 000 . 206 10, 000 287 10, 000 .332
12, 000 375 12, 000 .358 12, 000 .413
13, 000 . 426 13,100 .400 12, 900 . 450
14, 000 .487 14, 220 .450 13, 900 . 500
14, 900 . 550 15, 250 . 500 14, 740 . 550
15, 750 . 650 16, 500 .600 15,440 . 600
15, 880 700 17,010 . 650 16, 120 .650
15,900 16, 700 750
3 Rivets in com- i 16,790
Rivets in com- pression  chord
pression flange failed 104} inches || Rivets in com-

failed 19 inches
from -side load.

One lateral sup-
port.

from side load.
One lateral sup-
port.

pression chord
failed 20 inches
from side load.

One lateral sup-
port.
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Logs of tests—Continued

Test 11A Test 11B Test 12A
Deflec- - Deflec- Deflec-
Load | “ion® 'l Load | Tyiop” I Load | Tiion
312 0. 000 312 0. 000 312 0. 000
1,250 .018 1,250 044 1,250 .008
1,875 L 045 2, 500 JA17 500 044
3,125 .109 3, 750 .180 3,750 .082
4,375 177 5, 000 <240 5, 000 120
5, 000 .213 6, 250 .307 6, 250 .158
6,250 287 7, 500 .378 7, 500 . 200
6,875 .328 8,750 454 8, 750 <243
8,125 .409 10, 000 . 537 10, 000 . 287
9, 060 .471 11, 250 . 630 11, 250 334
10, 000 . 540 12, 500 . 735 12, 500 .
11,310 . 640 13,125 . 800 13, 760 . 437
12, 000 . 700 14, 130 920 15, 000 .403
13, 200 . 820 X 1.100 15,875 .600
14,180 940 15, 570 1.250 .
15, 120 1.100 16, 150 1.500 || Failure by lateral
15,710 1.130 16,250 1. 650 buckling.
15, 1,400 16, 250 1,750 || One lateral sup-

Failure by lateral
buckling result-
ing from bowing
of lower half of
spar.

One lateral sup-
port.

Failure by lateral
buckling be-
tween 2side sup-

ports.

Two lateral sup-
portssupport lat-
eral at !/s points.

port.

Test 12B Test 13A Test 13B
Deflec- Deflec- Deflec-
Load tion Load tion Load tion
312 0. 000 312 0. 000 312 0. 000
1,250 .030 1,250 .013 1,250 . 027
N 2,500 . 030 2, 500 . 081 2, 500 .085
3,750 L115 3,750 . 102 3,750 Jd27
5,000 .154 5,000 . 147 000 175
6, 250 .193 6, 250 194 6, 250 222
7, 500 . 7, 500 <242 7, 500 272
8, 750 274 8,750 . 207 8,750 L322
10, 000 .317 10, 000 .350 10, 000 .370
11,250 .362 11, 250 .402 11, 250 42
12, 500 .410 12, 500 457 12, 500 .478
13, 500 .450 13,125 .488 13,125 . 515
14, 630 . 500 14,375 . 580 14,375 . 550
15, 800 .550 13, 750 .650 13, 750 585
16, 800 .600 15, 000 .625
17,750 ! . 650 Failure by lateral 15, 625 .678
19, 050 . 750 buckling. 16,375 .780
19, 200 . One lateral sup- 16,425 . 800
U207 E—— port. .
Buckled in middle
Failure by lateral span.
buckling. Fallure by lateral
Two lateral sup- buckling; buck- {-
portsat!/s points. led to S curve.
Supported later-
ally at }/3 points.

T
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Logs of tests—Continued Logs of tests—Continued
Test 14A Test 14B Test 14C Test 16B Test 16C Test 16D
Deflec- Deflec- Deflec- Load | Deflec- Loaq | Deflec- Deflec-
Load tion Load tion Load tion tion tion Load tion
312 0. 000 312 0. 000 250 0. 000 100 0. 000 100 0. 000 100 0. 000
1,250 .033 1,250 .028 1,000 027 1,000 .03 1,000 034 1,000 .034
2,500 .054 2, 500 . 063 2,000 .058 2,000 .052 2,000 . 2,000 .073
3,750 .087 3,750 . 008 3,000 .085 3,000 .080 3, 000 . 095 3, 000 .108
5, 000 .119 5, 000 . 140 4, 000 110 4, 000 . 108 4,000 .120 4,000 .130
6, 250 .152 6, 250 <175 5, 000 L1383 §, 000 . 130 8, 000 . 150 85,000 LA72
7, 500 .188 7, 500 .210 6, 000 162 6, 000 155 6, 000 .17 6, 000 202
8, 750 .226 8,750 A7 7,000 .190 7,000 .181 7, 000 . 7,000 . 232
10, 000 . 264 10,000 . 283 8, 000 .220 8, 000 . 203 8, 000 223 8, 000 . 285
11,250 .305 11, 250 .38 9, 000 AT 9, 000 . 230 9, 000 . 9, 000 207
12, 500 .362 12, 500 .364 10, 000 .273 10, 000 .257 10, 000 .278 10, 000 .332
13,125 374 13,750 412 11, 000 . 300 12, 000 .320 12, 000 .337 12, 000 AA
14, 240 .420 14, 550 440 12, 000 .37 14, 200 . 400 13, 900 .400 13,100 . 500
15, 000 .460 15,950 - 500 13, 000 .354 16, 500 . 580 15,250 . 450 14, 050 . 650
15, 340 . 480 16, 820 . 550 14, 000 . 382 17,250 |+ .650 16,870 .550 14,180 . 700
15, 500 . 500 17,440 . 600 15, 000 .410 7, 790 .800 17,680 .700 14, 460 . 8560
18, 500 . 700 16, 000 4 17,970 . 900 18, 500 . 850 14, 580 1. 000
Web started to 17, 650 . 500 18, 030 . 950 18, 650 .950 14, 620 1100
buckle. Web buckled near || 19,000 . 850 18, 050 L 000 18, 720 1.000 14, 620 1150
Failure by lateral lower fitting. 21, 000 . 850 18, 050 1.050 18,740 1.050 14, 580
buckling. Local failure at || 22,100 . 800 18, 750 1100
One lateral sup- midspan. 21,750 .850 Failure by crush- ' Failure by bend-
port. Two lateral su ing of compres- || Failure by crush- ing of a section
ports at Fallure by lateral sion chord 3 ing of compres- | of the compres-
points. buckling. inches from cen- sion  chor slon chord.
Four supports, ter. inches from cen- | One lateral sup-
esch at a One lateral sup- ter. port. :
point port. One lateral sup-
port.
Test 14D-3 Test 16A Test 16A
Test 16E Test 16F-1 Test 16F-2
Deflec- Deflec-
Load | Dgfee | roaq Load
on tion tion Deflec- Deflec- Defloc-
Load tion Load tion Load tion
250 0. 000 250 0. 000 250 0. 000
1,000 .017 1,000 027 1,000 022 100 Q. 000 100 0. 000 100 0. 000
2,000 .050 2,000 110 2,000 .053 1,000 .035 1,000 .030 1,000 .031
8, 000 .078 3,000 140 3, 000 .004 2, 000 077 2, 000 077 2,000 . 068
4,000 . 100 4,000 178 4,000 .13 3,000 .105 3, 000 11 3, 000 . 100
5,000 .128 8, 000 <205 5,000 144 4,000 +;138 4,000 143 4, 000 137
8,000 . 148 €, 000 . 235 6, 000 .176 & 000 2170 5, 000 176 5,000 173
7,000 172 7,000 23 7,000 .310 6, 000 e 6, 000 207 6, 000 .
8,000 198 8,000 . 305 8,000 - 243 7,000 .233 7,000 240 7,000 .
9, 000 . 220 9, 000 . 340 9, 000 .218 8, 000 : 208 8, 000 .273 8, 000 <282
10, 000 A5 10, 000 418 10, 000 .312 9, 000 .303 9, 000 308 9, 000 A2
12,000 <208 12, 000 496 12, 000 +384 10, 000 342 10, 000 L342 10, 000 .361
13,920 350 14, 000 - 600 14,000 467 12, 000 443 12, 000 418 12, 000 442
15,480 |  .400 16, 250 700 18, 750 .5850 14,100 -+ .650 13, 840 . 800 13, 400 .
16, 850 . 450 17, 800 . 800 16, 500 - 600 14, 450 . 750 15, 330 . 600 14, 500 .
17,970 . 500 18, 800 . 900 17, 580 700 14,750 . 900 16,130 .700 | 15,600 .600
18, 800 550 19, 240 1.000 18, 100 .800 14, 900 1.050 16,308 . 750 16, 570 .
19, 570 . 600 19, 200 1.100 18, 330 .850 14, 850 . 200 16,450 |........ 16, 740
19, 690 . 650 17,740 18,460 . 900 14, 960 + 250
19, 690 700 500 . 950 14, 960 :+360 || Compression disg- || Compression diag-
: Lateral failure 14,940 | :.350 onals not rein- onals reinforced.
Failure by 1lat- of compression || Fa{lure by crush- 14,920 . 450 forced. Second || Failure by bend-
eral buckling flange. : ing of compres- 14,900 | 1.500 compression di- || ing of compres-
One lateral sup- One lateral sup- slon chord : S sgonal from each sion flange .6
port. port. ne lateral sup- Failure by lateral | end failed inches from mid-

One lateral sup-
port.

ength.
One lzltnmml sup-
port.




Logs of tests—Continued

Test 16G Test 16H Test 17A
Deflee- Deflec- Deflec-
Load tion Load | “jon Load tion
100 0.000 100 0. 000 250 0. 000
1,000 .024 1,000 . 034 1,000 .030
2,000 . 060 2,000 .070 2,000 .073
3,000 . 087 3,000 .008 3,000 117
4, 000 118 4,000 .128 4,000 . 165
5, 000 .141 5, 000 . 187 5, 000 .214
8, 000 .170 6, 000 .184 6, 000 . 257
7,000 197 7, 000 212 7,000 . 300
8, 000 .225 8, 000 . 238 8,000 . 350
9, 000 +250 9, 000 . 285 9, 000 . 305
10, 000 281 10, 000 . 207 10, 000 .446
12, 000 345 12, 000 .362 12,000 .570
13,750 . 400 13, 180 . 400 13,750 . 700
15, 000 . 450 14, 500 . 450 14, 900 . 800
17, 100 . 550 16, 680 . 550 15, 850 . 800
18, 900 . 700 18, 140 . 850 16,100 .950
19, 580 . 800 19, 210 .800 16,170 1.000
20, 000 . 950 , 600 900 i
20, 010 1. 000 19, 750 .950 || Failure by lateral
080 1.100 19, 840 1. 000 buckling be-
20, 130 1.150 19,870 1.050 tween supports.
20, 150 1.200 9, 900 1.100 || Two lateral sup-
20,150 1. 250 portsat }4 points.
Failure of tension
Failure at first and members at one
third tension .
members at one || One lateral sup-
end at rivets. port.
One lateral sup-
port.
Test 17B Test 18A Test 18B
Deflec- Deflec- Deflec-
Load tion Load tion Load tion
250 0. 000 250 0.000 T 250 0. 000
1, 000 .036 1,000 .036 1,000 .021
2,000 .082 2,000 .082 2,000 2057
3, 000 127 3,000 a8 3,000 .088
4,000 174 4, 000 .167 4, 000 .121
&5, 000 227 5,000 222 8§, 000 173
6, 000 . 267 6, 000 +258 6, 000 .214
1,000 318 7,000 . 295 7,000 « 242
8, 000 .368 8, 000 .337 8, 000 .272
9, 000 445 9, 000 .384 9, 000 . 305
10, 000 « 500 10, 000 .437 10, 000 <345
11,000 . 560 12,000 . 588 12, 000 420
12, 000 823 13, 300 . 650 14, 000 536
13, 100 . 700 14, 400 . 750 15, 800 .
14, 300 . 800 15,100 .85 17,100 .750
15, 050 . 900 15, 250 . 900 18,100 .
15,220 .950 15,320 . 950 18, 480 ..
15,300 1,000 18,800 .950
: Failure by lateral 19, 050 1.000
Failure by lateral buekling of com-
buckling of com- pression chord. [} Fallure by crush-
pression chord. One lateral sup- ing of compres-
Two laterat sup- port. sion flange 117
ports at }§ points. from side load.

One lateral sup-
port. )
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Logs of tests—Continued

Test 19A-1 Test 19A-2 Test 19B
P Deflec- Deflec- Deflec-
Load tion Load tion Load tion

312 0. 000 250 0. 000 250 0. 000
1,250 .009 1,000 .010 .} 1,000 .002
2, 500 . 040 2,000 L 045 2,000 . 004
3,750 .068 3,000 078 3,000 .030
§, 000 004 4,000 .107 4, 000 . 050
8,250 125 5,000 44 5,000 .070
7, 500 .163 6, 000 .170 6, 000 .093
8,750 .108 7,000 205 7,000 - 119
10, 000 242 8,000 . 248 8,000 .137
11, 250 +290 9, 000 .303 9, 000 175
12, 500 «360 10, 150 .350 10, 000 «202
13,125 . 400 12, 400 .450 12, 000 +265
13,750 . 450 13, 800 . 550 14,230 . 350
14, 250 . 500 14, 430 .650 16, 150 . 450
14, 580 . 750 7, 300 . 550

Failure by lateral || 14, 520 . 800 18, 200 . 750
buckling be- || 14,300 . 900 18,390 . 800
tween side load * 18, 440 1.000
and end reac- || Failure by lateral j| 18,350 1. 100

tion.
One lateral sup-
port.

buckling.
One latera! sup-
port.

Failure of com-
pression web
members be-
tween side and
end loads.

One lateral sup-
port.

Test 20A Test 20B Test 21A
Deflec- Deflec- Deflec-
Load tion Load tion Load tion
250 0. 000 100 0. 000 250 0. 000
1,000 .018 1,000 .014 1,000 015
2,000 .042 2,000 .046 2,000 +040
3, 000 072 3, 000 .080 3,000 074
4,000 . 105 4,000 123 4,000 .108
5, 000 . 140 5,000 .163 §, 000 + 140
8, 000 172 6, 000 .208 6, 000 <170
7,000 ;205 7,000 <257 7,000 +200
8, 000 . 238 8, 000 .302. 8, 000 « 21
9, 000 212 9, 000 340 9, 000 204
0, 000 .308 10, 000 375 10, 000 202
12, 000 .380 12, 000 451 12,000 «355
13,850 .450 13, 500 . 800 16, 400 500
16, 090 . 550 14,950 . 850 17,450 + 550
18,190 . 700 16,170 -600 18, 880 +850
19, 100 .850 18, 250 . 700 13, 340 . 400
19, 560 1,000 20, 000 . 800 19, 800 750
19, 630 1. 050 21,420 . 900 20, 140 .800
19, 700 1.100 22, 400 1.000 20,1 .850
19, 730 L150 23,150 -1.100 c
[ 23, 480 1.200 |} Faflure of rivets
Failure by shear | 23,510 1.300 in compression

of machine
screws in com-
pression flange
st fitting, .~ -
One lateral- sup-
port. .

Failure by lateral
buckling. © -
One lateral sup-

port.

flange at center.

Yare

360
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Loqs of tests—Continued.
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Log§ .of tesla-'CGntinﬁed

Test 3B-1

Test 21B Test 21C Test 21D Test 3A Test 23B-2
Deflec- Deflec- Deflec- Load [Deflection|| Load [Deflection| ILoad |Deflaction
Load tion Load tion Load tion
100 0. 000 100 0. 000 100 0. 000
250 0.000 100 0. 000 100 0.000 1,000 .028 1,000 032 1,000 .037
1,000 .012 1,000 013 1,000 .013 2,000 . 086 2, 000 . 080 2, 000 077
2,000 . 035 2,000 . 040 2,000 027 3,000 . 108 3,000 «129 3, 000 115
3,000 . 060 3,000 .072 3, 000 047 4,000 " 142 4,000 170 4,000 155
4, 000 . 087 4, 000 . 100 4,000 .070 S, 000 .182 8§, 000 .211 8, 000 .197
5, 000 .119 5, 000 . 129 5, 000 .02 8, 000 . 220 6, 000 . 256 6, 000 . 237
6, 000 . 1580 8, 000 .158 6, 000 114 7,000 . 257 7,000 . 206 7, 000 277
7,000 .183 7, 000 . 185 7,000 .134 8, 000 .205 8, 000 340 8, 000 .318
8, 000 .23 8, 000 .213 8, 000 . 185 9, 000 .335 9, 000 . 385 9, 000 .360
9, 000 .265 9, 000 S2A4 9, 000 .184 10, 000 .380 10, 000 . 430 10, 000 .405
10, 000 .307 10, 000 .268 10, 000 .213 11, 600 . 450 12, 300 .880 12, 000 . 506
12, 000 . 398 12,000 .333 12, 000 .280 13,470 . 550 13,750 . 850 13, 600 . 800
14, 290 . 500 14,230 .400 14, 000 +350 15, 000 . 650 14, 900 . 750 14, 800 . 700
.16, 330 . 600 16, 650 . 500 15, 150 16, 200 . 750 18, 560 .850 15, 500 . 800
17, 980 . 700 18, 500 . 600 16, 320 450 17, 300 . 900 15, 600 . 15, 680 .850
19, 160 . 800 19, 800 .700 18,320 . 550 17,550 { .950 15, 760 . 900
20,020 . 900 2, 420 . 800 19, 800 650 17, 580 1. 000 Failure by lateral
20, 460 1.000 20, 450 . 850 20,850 750 17,000 L 100 buckling. Fallure by lateral
20, 930 1.250 20,300 . 500 21,250 . 800 One lateral sup- buckling. .
20, 980 1,300 21, 800 900 Failure by port. ) Two lateral su
20, 980 1,300 || Faflure by lateral || 21, .950 buckling 158" ports at 1/3
buckling. m center. points. .
Failure of rivets Fallure by crushing One lateral sup-

in compression
flange inside side

One lateral sup-
port.

of compression
flange.

load. Onelateral support.
Test 22A-1 Test 22A-2 Test 22B
Deflec- Deflec- Deflec-
Load tion Load tion Load tion

250 0. 000 250 0. 000 250 0. 000
1, 000 023 1,000 .027 1,000 014
2,000 . 085 2,000 . 085 2,000 044
3, 000 . 102 3,00 .108 3,000 . 000
4,000 . 137 4, 000 . 148 4, 000 . 140
5, 000 175 5, 000 .101 . 5,000 178
8, 000 .213 6, 000 24 8, 000 .210
7,000 .254 7,000 215 - 7,000 <27
8, 000 . 294 8, 000 317 8, 000 .283
9, 000 .333 9, 000 .360 9, 000 322
10, 000 ,376 10, 000 . 404 10, 000 .368
12, 000 472 12, 000 498 12,000 .468
13, 550 . 850 14,100 . 600 14, 000 .570
15, 300 . 650 15, 050 . 050 15,410 .650
17, 000 . 800 16, 700 750 16, 710 . 750
17,300 . 850 17, 600 . 800 17,730 .850
17, 500 + 900 18,180 .850 18,480 .95
17, 560 18,450 . 900 18, 700 1.000
19, 600 1.650

Failure of 3d leg || Failure by shear of 10,800 |.oo.......

from each end in
compression.

One lateral sup-
port.

members be-
tween end side
loads,

One lateral sup-
part.

One thmaml sup-

port.
Shear of 2 rivets
boldingstiffeners
to compression
flange. Eailure of
compression
flange at point of
rivet shear.

"

portsat1/3
points. . . .

Test 30A Test 30B » Test 31A
Load [Deflection|| Load [Deflection| Load |Deflection
250 0. 000 250 0. 000 312 0. 000
1, 000 017 1,000 017 1,250 .022
2, 000 .04 2, 000 047 2, 500 052
3,000 .0 3, 000 078 3,750 079
4, 000 .100 4, 000 .110 5,000 |- ,110
5, 000 . 148 &5, 000 . 143 6,250 145
6, 000 .182 6, 000 173 7, 500 177
7,000 .212 7,000 + 208 8,750 215
8, 000 .48 8, 000 o242 10, 000 .
9, 000 283 9, 000 377 11,875 » 340
16,000 | _.320 10, 000 818 12,875 +400
12,000 J897 |l 12,000 | | ,391 | 13 440 440
14,200 |, .600 [| 13,380 | '.450 | 13,875 480
16,300 |° 850 | 14,450 | ., 14,000 .
16, 620 ,+700 18, 400 14,125 . 600
. 17,830 150 186, 800 .+ 0880
18,710 | .,.800 17,180 .¢700 || Fallure by lateral
19,900 | .. 17, 230 buckling.
. 20,640 |' '1.000 ; . One lateral sup-
20, 800 1050 [| Failure by crush- port.
o . of compres-
.Failure by orush- slon chord. .
| ing of compres- | Two lateral sup-
sion chord 8" ports at 1/3
from side load. points. . .
Two lateral su

Dy
ceg e




Logs of tests—Continued
Test 31B Test 31C-1 Test 31C-2
De- De- De-
Load | goetion || 1084 | fection Load | fiection
250 0. 000 100 0. 000 100 0. 000
1,000 .02 1, 000 .023 1,000 025
2,000 w055 || 20000 ‘049 || 2000 S053
3, 000 .090 3, 000 072 3,000 .081
4, 000 .131 4, 000 . 085 4,000 110
5, 000 .165 5, 000 120 5, 000 JH1
6, 000 L1897 6, 000 . 1583 6, 000 .170
7, 000 . 230 7,000 175 7,000 . 196
8, 000 280 8, 000 .200 8, 000 .23
9, 000 .203 9, 000 222 9, 000 .250
10, 000 .38 10, 000 . 252 16, 000 .280
12, 000 .412 12, 000 .310 12,000 .333
14, 000 523 13,320 L350 14, 380 .400
15, 600 . 850 14, 600 . 400 15, 980 .450
16, 450 . 800 15, 960 .450 17, 450 . 500
16, 700 . 900 18, 040 . 550 19, 480 .600
16, 500 1,000 18, 820 . 600 20, 300 .650
18, 450 1.100 19, 480 . 650 21, 300 750
16, 000 1.200 || 20,140 .700 || 21,670 . 800
20, 480 . 750 21,940 .850
Failure by lataral 22,120 . 900
buckling. Failure of end fit- || 21,900 1. 000

Two lateral sup-

tings.
One lateral sup-

ports at 1§ Failure by bend-
points. port. ing of a section
of the compres-
sion chord.
One lateral sup-
port.
Test 32A Test 32B Test 40A
De- De- De-
Load | geotion || 1084 | flection | 1034 | fection
250 0. 000 250 0. 000 250 0. 000
1,000 . 020 1,000 .025 1,000 027
2,000 .052 2, 000 . 065 2, 000 .070
3,000 . 086 3,000 .005 3, 000 .120
4,000 .120 4,000 .132 4,000 .170
5, 000 1585 5, 000 .170 5,000 .27
6, 000 195 68, 000 *. 204 6, 000 . 265
7,000 .27 7, 000 .278 7,000 314
8,000 <280 8,000 .320 8, 000 .357
9, 000 .325 9, 000 . 364 9, 000 .410
10, 000 .365 10, 000 .452 16, 000 472
12, 000 . 405 12, 000 548 12,000 .618
14, 000 515 14, 000 .650 13,750 . 800
16, 080 700 15, 680 .700 14, 800 1.000
17, 100 . 900 16, 350 . 800 15, 050 1. 100
17, 40 950 17,620 . 900 15, 200 1200
17, 250 1.000 18, 670 1. 000 15,270 1.250
17, 180 1.050 19, 430 1.050 15, 240 1.300
17, 090 1.150 19,620 1.100 :
18, 990 1.250 || 19,660
Failure by crush- || Failure by crush- || Failure by bend-
ing of the com- ing of compres- ing of a section
pression chord. sion chord at of the compres-
One lateral sup- tt sion chord sat

port.
Two lateral sup-
portsat g points.

ing.
Two lateral sup-
portsat ¢ points.
*0.240.

center.
Two lateral sup-
portsat 3§ points.
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Logs of tesis—Continued

Failure by excessive deflection.
8ide load block hit upright support.
1 ]ateral support.

Test 40B
Deflec- Deflec-
Load tion I‘ot_'d tion
- 100 0.000 13,720 0. 700
1,000 .025 15, 100 . 850
2, 000 . 064 16,080 1. 000
3, 000 .105 17,080 1.200
4,000 . 150 18,040 1.600
5, 000 .193 18, 280 1.750
6, 000 .82 18, 300 1. 800
7,000 .20 18,280 1.850
8, 000 .318 19,150 1.950
9, 000 .380 20, 2.050
10, 000 445 21, 000 2.150
12, 000 . 590 22, 2.300
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APPENDIX II

REQUIREMENTS FOR EXPERIMENTAL METAL SPARS FOR
PURSUIT AND OBSERVATION LOADINGS

Secrion 1. Dimensions and Loading—General re-
quirements.—The required dimensions and loads are
given in the figure and table below for both the pursuit
and observation loadings.

- —L-L b ¢ o Pins
v w o
- a & —=
P . P
\JﬂMhV&VJQQth / - -

\~%on aqoly s/de load's

Deoth, A, not greaofer thon volve
T Joecitied m fable below:

H

Not less than 1-55" clear

ot less thon 0875 nch and not more thonass mch The inner
roces of the lwys shall be porallel lo eoch other and in the some
planes a3 the corresponding foces of the lugs af the other end

o "the spor:
Loads Dimensions
Loading
P w L h d ds
Inches.| Inches.| Inches. [Inches.
Pursuit. ..cceucun. 7, 000 700 84 4 20 “
Observation....... 20, 000 2,000 96 625 2.5 51

In designing the spar the end and side load pins are
to be located at the neutral axis of the section, and no
initial camber is to be given the spar.

The spar will be braced laterally at midspan only;
that is, laterally unsupported length equals L/2 inches.

The spar shall be so designed as to sustain a 50 per
cent reversal of the side load, no axial load being
present in this condition.

In obtaining the weight of the spar for computing
the strength-weight ratio, 6 inches will be cut from
each end, making the basic length 1L-12 inches. The
fittings for the side load attachments, exclusive of the
}4-inch bolts, will be included in the spar weights.

Sec. II. Requirements as to tesis on minor parts and
properties of sections.—In order to make a comparison
of the various types of spars tested, from the stand-
point of their computed and allowable strengths, it
is necessary to have data as to the strength properties

of the materials entering into the construction of the
spar. These data must be obtained from tests on minor
parts taken from the spar itself or from sections taken
from the identical material from which the various
parts of the spar are made. Because of the variety
of shapes and sections used, it is impossible to specify
any set of tests to cover all types of spar, but the
following list gives an outline of the test data desired
with each test spar. Where the test requirements will
obviously not apply, or where other data appear more
desirable, the contractor shall consult the division as
to the exact interpretation of the requirements to be
applied to his spar. ' ’ .

DATA REQUIRED

1. Modulus of elasticity in tension of the material
in the compression chord, the tension chord, and the
web of the spar. .

2. Proportional limit or yield point, if possible both,
of the material in the compression chord, the tension
chord, .and the web as obtained from tests in tension
and compression, the compression test to be made on a
member having flat ends and a length equal to at least
four times its least diameter.

3. Ultimate strength in compression of a section of
the spar with flat ends, and a length equal to twice the
depth of the spar, unless some feature of the design
makes it desirable to increase or decrease this length.
When it is impossible to make the compression tests
called for in paragraph 3 on the chord or web members
as, for instance, in a box section where all elementary
members are flat sheets, this test on a section of the
built-up spar may be substituted for those compression
tests. The specimen subjected to this test shall be
furnished to the division with the spar on order and the
other accompanying data. The following data will
also be required as to the properties of the section
and the computations substantiating them must be
submitted to the division. These data shall be
checked against the actual measurements of the spars
farnished. . . .

1. Moment of inertia of the whole section about its
major and minor axes and the moments of inertia of
each constituent part taken about the axes passing
through the centroid of each such part and parallel
to the major and minor axes of the whole section.

2. Location of the major and minor axes of all unsym-
metrical or complex sections incorporated in the spar.
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3. Areas of the whole section and of each constituent

part.
Sec. IT1. Sequence of designing and testing.—In
submitting bids for a spar of a new type of construc-
tion, the designer need furnish only a sketch showing
the essential features of the type of construction
proposed.

In submitting bids for a modification of a type of
construction previously tested the designer shall fur-
pish a dimensioned drawing showing the cross sections
of all the main members of the spar and computations
to show that the revised design will show a higher
strength-weight ratio or a greater degree of stiffhess
than the similar spars previously tested.

Whenever two spars of the same type are ordered at
the same time the construction of the second shall not
be commenced until the designer has received a report
of the results of the test of the first.

Care must be taken by the designer to provide end
fittings that will not fail in the tests. If any failures
or permanent deformations, such as elongated bolt
holes, are noticed in the 6-inch portions that are cut
off before weighing, the spar will be returned to the
designer for rebuilding at his expense. (Several types
of spar have been furnished with weak end fittings that
failed and prevented the real merits of the spars in
question from being determined by the tests. This
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was absolutely unnecessary, as the use of extra heavy
construction in the end fittings is not reflected in the
weight recorded for the spar. In fact, it was in order
to prevent having such failures and to encourage the
use of extra strong end fittings that 6 inches are cut
off of each end before weighing.)

Sec. IV. Preliminary bending tesis.—When the pur-
chase order or contract calls for preliminary bending
tests the contractor shall make bending tests to de-
struction on two sections of the spar, one of such length
that failure will occur in a chord member and the
other of such length that failure will occur in the web.

These tests shall be made on sections of spar of the
same material and cross section as the spar to be sub-
mitted to the division, and in the following manner:
The sections shall be tested as simple beams with two
symmetrically located bending loads, each 0.1 L from
the center of the span, where L is the span. The
bending loads shall be applied through fittings identical
to the side load fittings used in the spar submitted to
the division. The end fittings shail be sufficiently
rigid to prevent their permanent deformation in the
tests. The spars shall be given sufficient lateral sup-
port to prevent failure by lateral buckling of the com-
pression chord. The specimens used for these tests
and complete test logs shall be furnished to the
division. :

O .




